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In this Issue 

What technologies are needed to create and maintain the information super- 

highway? Certainly fiber optics will be one ofthem/Fiber-optic communications 
systems iiave the ability to transmit vast streams of data including voice (tele- 
phone conversations), video (TV channeisl, and data (computer networks). In 
fact, multimedia applications, in which voice, video, and data will be transmitted 
and displayed at the same time, will be highly desirable in the near future. As 
these services become more commonplace, the required network capacity will 
expand and current fiber-optic systems operating at data rates of hundreds of 
megabits per second will be superseded by those with rates near ten gigabits per 
second. Nationwide networks will give way to one that is much more interna- 
tional in scope. Currently, a large number of fiber-optic networks, operating at 155 megabits per second 
and B22 megabits per second, are in operation in the U.S.A., Europe, and Japan and new installations of 
2.4-gigabit-per-second networks are near completion. 

To support this high-speed, long-distance traffic, new technologies are rapidly evolving. Optical amplifiers 
based on rare-earth-doped optical fibers — for example, erbium-doped fiber amplifiers, or EDFAs^make 
it possible to overcome fiber loss and construct transparent undersea optical links thousands of kilome- 
ters long without electronic regenerators. These amplifiers can also be used as excellent noise sources 
to test optical components such as photo detectors (page 6). In terrestrial systems, several signals at 
different wavelengths can be sent over the same fiber to increase capacity (wavelength division multi- 
plexing!, and their intensity can be boosted in a single EDFA. Accurately testing the amplifier performance 
is critical in these systems. The HP 816D0 EDFA test system (page 13) makes calibrated gain and noise 
figure measurements as a function of wavelength and optical power. This test system uses several high- 
perforniance lightwave products such as the HP 8168C tunable laser source and the HP 71450A optical 
spectrum analyzer in addition to a sophisticated software algorithm to measure the characteristics of 
optical amplifiers. These algorithms were designed and tested hy a team consisting of engineers from 
California and Germany. To achieve a wide tuning range, the HP 8168C uses a new semiconductor laser 
chip that has been developed at HP Laboratories Ipage 20) using a quantum-well indium gallium arsenide 
(InGaAs) structure. This device also makes it possible to obtain sufficiently high optical input power to 
test amplifier saturation. 

Long fiber spans using optical amplifiers with no pulse reshaping compound subtle signal distortion in 
fiber. Particularly at high data rates, fiber polarization effects can increase dispersion problems. There- 
fore, it is essential to be able to measure very accurately the state of polarization of optical signals and 
the polarization-mode dispersion of optical components. It is also highly desirable to be able to do these 
measurements in real time. The HP 8509B lightwave polarization analyzer (page 27| is used in these cases. 
In addition, in high-performance systems, requirements on optical back-reflections are more severe, 
Fundamental fiber-optic test equipment like the HP 8156A optical attenuator (page 34) must be designed 
to these more exacting tolerances, To measure low back-reflection levels, the HP B504B precision re- 
flectometer (page 39) can be used. A high-performance light-emitting diode (page 43) makes it possible 
for the reflectometerto measure -80- dB back- reflections— as little as 1 picowatt of reflected power — 
with a spatial resolution of 50 micrometers. At high data rates, system timing accuracy becomes in- 
creasingly important. The HP 71501 B jitter and eye diagram analyzer (page 49) is capable of making jitter 
measurements at rates up to 10 gigabits per second. 

Monitoring network integrity becomes more complex in higher-capacity systems. The HP 81700 remote 
fiber test system (page 57) helps guard against breaks in the fiber causing outages. The system can 
monitor many fibers at once, even at different sites, while they are carrying live traffic. If a fiber break 
occurs, the system generates signals and alarms indicating the location of the fault. 

The development of lightwave test and measurement products requires a solid photonics technology 
base. In addition to the quantum-well lasers and LEDs mentioned above, HP Laboratories is working on 
other devices and subsystems for future products. A highly stable, miniature laser using YVO (yttrium 
orthovanadate) crystals operating at a center frequency of 282 terahertz (page 63) is an example of ex- 
cellent low-noise optical sources. The recent development of surface emitting lasers (page 67) is very 
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promising for a variety of applicatiDfis such as optical interconnect systems for data commynications 
and generating visible ligNl tising compl&x laser structufss Ipage 72 L 

The technologies and products described in this issue show HP's strength and core competencv in the 
area of phcftonics and lightwaves. A key element of the company's strength in lightwave test and mea- 
surement IS the strong and heaiHiy coupling between the research teams at HP laboratories and the 
manufacturing divisions: the Lightwave Operation at Santa Rosa, California and the Boblmgen Instalments 
Division in Germany. 



Waguih ishak 

Manager, Photonics Technology Department 

HP Laboratories 



Roger Jungerman 
Engineer/Scientist 
Lightwave Operation 



Also in this Issue 

Automatic test systems for digital components, boards, and systems generally contain a test pattern 
sequencer, a module that applies the test signals to the device under test and receives the device's 
responses. However, the traditional sequencer architecture has proved inadequate far testing many 
devices that operate on serial bit streams. One of the authors of the article on page 76 recalls writing a 
test for such a device using a traditional sequencer that required three months and 13,000 lines of source 
code and tested only a fraction of the device's functionality Realizing that a new sequencer architecture 
was needed for testing serial-oriented devices, engineers at HP's Manufacturing Test Division first de- 
veloped a generic model of a serial communication system. Based on their analysis of the model, they 
then designed a new serial test sequencer architecture for the HP 3070 family of hoard test systems. The 
architecture features modules called reconfigurable bit processors, which the engineers have dubbed 
arcuitware because they're neither hardware nor software A new Serial Test Language was written to 
simplify test programming. The article on page 76 describes all of these developments and presents 
several case studies of customer applications that show dramatic improvements in test development 
time, test coverage, throughput, and equipment requirements. 

Four papers in this issue are from the 1994 HP Design Technology Conference, a forum for the exchange 
of ideas, best practices, and results among HP engineers involved in the development and application of 
integrated circuit design technoEogies, The theme for the conference was "Accelerating Integration. " 
*" To shorten the time it takes to put high performance ASICs (applicationspecific integrated circuitsl 
into produchon, one design group developed coding guidelines and a process for generating wire load 
models (page 91). The coding guidelines head off later problems and the wire load models are conserva- 
bve enough to make routing easy without sacrificing performance. *- As tC features become smaller and 
chips become more densefy packed, on-chip connections have an increasing impact on delay times and 
therefore on performance. Advanced interconnect modeling (page 971 is a framework that allows de- 
signers to model, optimize, and scale circuit delays, including both gates and interconnections. *" While 
thorough delay testing is necessary for high-performance designs, not all circuit paths can be tested for 
delay. The article on page 105 proposes an algorithm for synthesizing 100% delay testable circuits. The 
algorithm uses a method called cube partition'mg. *■ The article on page 110 compares two fault diagnosis 
methods to determine which does a better job in CMOS circuits. They conclude that a bridging fault 
model with a simple diagnosis algorithm is better than a simple stuck-at-0 or stuck-at-l fault model with 
a complex algorithm. 

R.P Dolan 
Editor 
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Broadband Frequency Characterization 
of Optical Receivers Using Intensity 
Noise 



Methods for enhancing the dynamic range of the intensity noise technique 

for high-frequency photoreceiver calibration are proposed and experimen- 
tally demonstrated. These methods combine recently developed EDFA"" 
technology with spectral filtering techniques. The intensity noise 
calibration technique is portable, easy to use, and field deployable. 

by Douglas M. Baiiey and Wa:v^ie V. Sorin 



OpiiciiJ tec'initjlogj^ vdW piay iu\ inipcjilaiit role in biiikiin^ the 
coming inf'oniuitifjii su]u^iiiigliway Ihroiigh if.':; capacity Id 
provide high inrornialioii tliiDUghiHit and I<>w-1qss iriuisinLs- 
sion sinviiluuic(Hi-sly. < >iHiral sources i=iuch as sf ink onducior 
lasers provide im opt it id cim'ier whose iivtensjty Ls iiiodiUated 
with iitfoniiation to be sent over fiber-optic ealile. For high- 
dalii-rate conirmmicatioiis, lasei^s t\pically operate* iieai- the 
1.55-|mi or Lr3-^uii low-kishj \^■a\'cle^g1hs in optica] fil>cr. Opti- 
cal receivei'S convert the infomisrition niodalaled oniu tlu' 
optical carrier Lo baseband electrical signals. As deuuinds 
are made for more infonnation througlipiii, die bandwidths 
of optical receivers are increased commensurateJy 

Accurate chanictcrization of the freqiiency resr^onsc of an 
optical receiver is important to ensure tliat the receiver is 
compatible wiit^ the data trajismission rate. CuiTenily, a 
number of techniques exist to characterize the frequency 
response of optical receivers. One metliod is to compute the 
Fourier transform from the time-domain impulj^e response*.* 
Freqiiency tlomain lee hniques, such as that used in the MP 
8 71 )3 I ig U I VN a v e e o m i n m i (^ 1 1 1 anal yy, er, en n ) 1 ay t requ e ncy - 
swept sinusoidal modulation of the optiCid intensity using a 
high'frequeacy UNbOy modulator. Tlxis allows commercially 
available response measmements fi^om 130 MHz to 20 GHz. 
The optical heterod>iie technique using tw^o Nd-YAG lasers 
has demonstiated capability from - W MHz to oO GIlz at a 
wavelength of 1.32 [.uu.^ - These tecliniqucs all involve spe- 
cific trade-offs among frequency coverage. e?q>eriniental 
comt>lexity atul sensitivity, and none are completely satis- 
faetoiy. It is tiesirable lo have the capability in measure die 
broadband frequency response with a simple nigged optical 
instiTnuent. 

The intensit>'^ noise tec*hnique oOers the iiossibility of uu^a- 
suriug frecjuency response characteristics i)f ivhotoreceivers 
across tlie tmtire frequency span of modem electrical spec- 
Inmi anal>^ers (for example, 9 kHz to 50 GHz for the HP 
B565E )* This intensity noise method Wiis flrst <lemonstrated 
usin^ a semiconductor oi>ticai amphOer as a source/^ This 
techuiciue is of particnhi!^ interest liecause the noise exists at 
l^il frequencies siniultmieously permitting very rapid optical! 
receiver character! zaiioiL Additionally an unpolarizefl short- 
coherence-length optical source is used. This is ad\^iTageous 



liecaiise it makes the measurement's inimime to polarization 
drifts inid lime-vai'ying interference effects from multiple 
optical reflections, thereby allowing stable, re jjea table 
measuremeuts. 

Intensity Noise Techniques 

Intensify noise technitpies take advantage of the beating 
Ijetween various optical sijectnil ccim]>onents of a broad- 
lijuidwiddi s|jontiuieous emission source. Any two si^^cti^cd 
lines will beat, or mix, to create an intensity^ fluctuatiijn v^ith 
a frequency equal to the frequency difference between tlie 
two lines. This concepi is ilhistraled io Fig. 1. Since the opti- 
cal bandwidth of Hpontaneous eruission sources can easily 
exceed thousands of gigalieits;, ?he intcnsiTv beat noise will 
have a similar frequeiicy content. Tlie lluctuations in ojDtical 
intensity aj'e referred to as s])ontaneous-spontaneous, or 
sp-sp, beat noise. 

Tliere are inar\v sources of Inoad-band width sponlaneous 
emission. Hot surrares (such as tungsten light bulbs > ran 
provide t optical rathation ranging from tlie \isiblc tn die fai' 
infrared. Semiconductor soiuces sueh as edge emitting hght- 
emitting diodes (EELEDs) provide incre^ised power densi- 
ties over a wavelength range of ahtnit IdtJ mn. Still higher 
power ilensities can l>e obtained from sulitl-state sources 
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Fig, 1, Spo[Jtaiti»ous-spontaneous (sfj^-sp) beat noise arising from 
imxiing (if tlie vmious spectral cofnixM^ents from a themml-likT optical 
noise S(]iirce, 
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Fig. 2. [aj Tiit* irslrnsity nuist-^ kH:hjiiqiJt* fur ttptical receive^r Ciilibm- 
tlan. tb) The opf icnJ field spectrum as nioasiired on art optical spec- 
tnini aiiali'ZET. iv) The optital intervslty spetlnim, which Is pnjpor- 
ti«Hial Uy tlte photauiuTt'iii spectruiii, as ineasumd on an electrical 
spectrunt aiiHlyKtM', 

such m fiber-optic ampliJler*^ (see page 9). The ability to 
couple these i^oiirces of broadband light efficiently into 
singie-intKle n|>(ical fiiM-r is fdso inipoi1am. Coupled |)ower 
densities can range frnni ahcnif 51 X) pW/iuri Ic^ra hght Indh in 
greater than 1 niW/iiiTi Ibr amplified spontaneous emission 
(ASE) from a fiber-optic ainplifier. Tlte high power densities 
from nber-uptic ampliJicrs are parliculaidy wcrll-siiited for 
intensity noise genemtion. 

Bandpass-Filtered Intensity Noise Technique 

Fig, 2 ilhistrates hcjw the strength m\i\ line shape of t lie 
oi)tje<il infensiiy heal noise are gt^neraled from a I hernial- 
hke sotnee snch as ajiiplified sponianeous emission. Fig. 2a 
shows the optical power fron^ an ASE source of spectral 
band wid til Bf, incident on the high-freque!icy o|Jtica! re- 
ceiver to be lesietl The power spectral density of tlie optical 
fie hi Sf^fvJ. scaled so that iis units are warts/Hz, is com- 
monly used to characterize tlie output ol' optical somces. 
Tliis quantity is lyijically measured using an optical spec- 
trum an^ily^er Fig, 2h shoi\s a t\pir al spectnim for S^fv) 
with full width at half maxiniuui bandwidth B^, and center 
fiequency Vo^ The average optical power P,, is fomid by 
integrating over the optical spectiiun, that is, 
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which ^ves a peak ^'alue for the spectral density of approxi- 
nmtely Pt/B^^ It should be noie<l that all iKiwer spectra! den- 
sities discussed in tiiis paper are singli^sicled, with energy 
only at positive fre^iuencies. 

Since photodiode current is proportional to optical intensity 

and not electric field, a more relevant cjiiainiiy to consider is 
llie I JO we r spectral density^ of the oput at intensity. SiCf). 
which is scaled to tiave imiis of watts^/Tlz. This quajuity Is 
related to the optical field spectrum by the relati^ ely simple 
expre^on: 



Si(0=I^6(O^Se(v)*Se(v), 



(1) 



where 6(f) represents a delta function and * denotes the 

single-sided aurocorrelation (integmled over positive fre- 
quencies). This resviit asstmies ui^poiartzed ASE and singie- 
sided power spectnil cieasities. This expression is valid for 
optical radiation with thermal-hke noise statistic^s, sncJt as 
amplified spontaneous emission. The effects of shot noise 
are not included in equation 1 because it is easier to account 
for tins noise after t lie optical intensity is converted to a 
photonirrent. The resuh of equation 1 is graphictilly illus- 
trated in Fig. 2c. bttertslty lieat noise exisrs tip to frequen- 
cies detemuned by the spectral width of the ASE source. 
These frequencies ai'e tj'picaily on Ute order of tliousjmds of 
gigaliertz. Tlie magnitude of the beat noise at low fi'equen- 
cies is approximately P^/Bf ,, the exact \^ue depending on 
the itne shape of the electric field spectrum. More acctu'ate 
\ alues for typically encomitered hne shapes iMt^ given later. 

Tlie power spectral density of the detected photocmTent, 
Sj(f), in units of amperes^/IIz. equals that of tJie incoming 
iniensity spectnmi except for the filtering effects of the pho 
todifule. If the fi'equency depemlent responsi\ity (i.e., trans- 
fer hincUtin) Rjr the jihotodiode is given try Rf 0, which iuts 
units of ampeiTs/watt, then the phot ocurretvt spectrum can 
be expressed as: 



si(n - mjyrH^) 



m 



Tlie receiver tliermal ami shot noises are not included in 
e<]uation 2. The value for tiiese two nois<^ soiu'ees will deter- 
mine the SNR (sigi^al-tcM^oise ratio) for the mejisurement 
tecluiique. .^ssimiing that the optical beat noLsi^ signal is 
larger tlian tlie shot oi" thennal noise, tliis expression c:aii be 
used to determuie the magnitude ]R(f)| (jf the frequency re- 
sponse ol' the photodifide. Tliis measurement is peifonned 
by observing tlie photocurrent spectrum Si(f) with an elec- 
trical sped nun analyzer. If the spectral width of tlie ASE 
somce* Bo. is much larger tluui the frequency response of 
the photodioden then S[(f) can i>e *j.ssum(^d i onstant, and the 
respoiisivity squared |R(0|-'' of ihe [>hutoili<:)de is displayed 
directly on the electrical spectnmt analyzer. 

One previous difficulty in the practical use of tl tis detector 
calibration technique is the small value for the intensity beat 
noLSf* provide*] liy ty^iical ASE sourct^s. Tltis has prest^ntetl n 
problciii foj' high-frequency calibration because thf^ I luminal 
noise level associated with wideband receivers is tyijically 
rjtute large. In this paper we show that by combining the 
recem development of crbiunMloped fiber amplifiers with 
spectral liltering t(Himi<iues, we csin overcome the previous 
limitation of small signal slrength. 



)dv. 
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To undersiaiid how to opriniize the ASE for detedor calibra- 
tic>n, the concept of relativf inten.siiy noise or KIN, which 
has units of Hz"^ will l>e intro<iiK*efi Tills paninn^ter am be 
thought of as the fractional intensity noise associatcil wiih aji 
optical source. Tlie tiofinition for RIN in lernihs of the ojitical 
ii\tensity spectrum is: 



-xm 



Rmm=Si(i)/Pi 



i^) 



Thus RIN IS the spectral density of the optical intensity at a 
given frequency di\itk*d by its integrated value at zero fre- 
queticy. An equivalent definition equates RIN to the vaxiaiice 
of tJie optical m tensity (AI"(f)) in a one-hertz bandwidth 
divicled by ibe average iiuensity scjuarerL Since the optical 
bandwidth Bj, Is usually much larger than the electrical 
detection baiidwidth. the HIN from an ASE source is usually 
considered to be consia^it, equal to its low-frequency value. 
From Fig. 2c, it can be seen that this value is atJiiroxijiiately 
given by: 



RIN - 1/Bn. 



(4) 



This result is valid for unpolarized light 'with tJuMin^il-Llke 
noise statistics. A more accurate value for equal i^in 4 re- 
quires knowledge of the line shape of the ASE spectrum. 

Normally, for a given sotirce. one would increase the average 
optical powder incident onto a photorecei\ er ro increase die 
photocun"ent beat noise and hence the measurement sensi- 
ti'tlty. With the dc*velopmcnt of EDFAs (erbium-doped fiber 
aniplifiers), the average optic^U pow ers attainable will easily 
sat mate high- frequency phot orecei vers, Tliis means incrcas- 
ing optical t>ower is no longer mx issue, ajul for a given optical 
receiver, a power just, below its saturation level should be 
used for calibration tJniposes. Since int iden) opijcal iH)wer 
can now be consiflered a constant, fiepending on the delec- 
tor saturation level, the concet>t of RIN 1 lecomes useful [be- 
cause increasing its \'aiiic mcreases the SNR of the intensity 
noise technique. According to equation i, this means that 
decreasing the spectral widlh B,, of the xASE source will im- 
prove the SNR for detector ralil)iaiion. Tiie only liiuitalioji is 
that eventually there will be a roll-off in ilii* I ligh- frequency 
content of the beat noise. 

Effects of Line Shape and Bandwidth 

^\s the ojjtical hand\\ icUh is reduced, the niaximuui fre- 
qiiencyr separation of beating components also decreases. In 
Fig. 3, the RIN is shown as a fimction of frequency for four 



B^ = U5 




iooa 



Fr«ijgflricy iGHz) 



Fig. 3. Kelftitvp intensity tioisp (RIN) for a Gaussian-shaped optical 

rioifl |inwer s|ir'('trurn rente red at b56 itrn. 

different optical bandwndths. The plotted c nr\'es correspond 
to the case of an unpokirixed ASKi source with a Gatissian 
optical spec!ral shape. The bigliest RIN is achieved at the 
lowest frequencies with the narrowest optical bandwidth. At 
freciuencies conipiu*able to the otitic at spectral bandwidth, 
roll-f:>ff in tlie RIN hecomes apparent. The RIN for the b-mx\ 
spec tral widtli is relatively constant lo several hundrcfl giga- 
hertz. Expressions for RIN as a function of frequency are 
show^n in Table I for the case of Lorentziaii, Gaussian, and 
rectangular optical Held spec I nuns. The Lorei\t;?ian shape 
corresponds closely fu the S|>ectiurii of rominonly used Fah- 
ry-Perol oplicd inters. The Gaussian spectrum is sometimes 
used lo descril>e ilie spectra of EELEDs or hLseis operatuig 
helow tlii'eshold. The rectangle function approximates sonic 
interference fdtei's, grating-based monucluomatore, and 
ciurjjcd fiber gratings, Tlie normalized (to unity) optical 
field spectnnn is also included in Table 1 for reference. The 
liiie width Bi, i[^ each case is tiie FWHM (hiW \viM\ at half 
maximum) of the optical Held spectrum. 

Comparing the low-frequency RIN vaJues f(jr each of the 
different spectral shapes, Ibe rectangle specrnuu delivers 
the most RIN (L/B„)> followed hy the (laussian (O.Ob/Bf,), 



Table 1 

Relationship between Unpolarized Optical Field Spectrum and BIN 

Optical Field Spectrum Shape Normalized S^{\} RIN(f| 

(f>0( 

Rectangle^ ^ /^ _ v^^\ j^ 



Gaussian 



Lorentzian 




iA(i) 



exp^ -C41n2) 



1 v21n2 



Bo 



exp^ -(2ln2) 



y^ 



iiJ 



1 +4 






BfjTt 



1 



1 + (f/Bo)" 



' n ^TBctanglfi tunctjort. A ^tnangla functioo 
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1.55-^m Fiber- Op tic .^jiiplifier 



The frbeHJptic amplifi^ is a lev elenem in mocten high^iata^ate commtnicstia^ 
Its large optical baodwidlti. ==4000 gagahertz. makes il eflficiively traf^parent lo 
dat?? ■'!!t? 3fif* ^'^fmaf '-H.-jfifjp^ gitpN._*.n« r*^r^^ .vngr^oi; wjltiou! modifications to 
' " IS called the ertjiurrv 

: . e tiifRJ lelecomrmintca- 

tions wimtow centmHl at a waveiength trf ! 5S jun The EDFA tias fEPjf ess^ftia! 
camponents, as shown in Fig. 1 . These me the laser dtocfe pomp, ttw wavelength 
divtsicn mi/liiplexer (WDMJ. the efbiymdoped opttcai fiber, and itie optical isalaturs 
To achieve optica f ampdficgtson. it \s necessarv ^ BmtB the erbfurn ions situate^J 
rn the fiber core from their gmuml state to a higher-energy mfitastable state. A 
diagram qI the reievarii erbiiim tar^ eaergy states is shown in Fig Z. Ttie erbium 
jons are excited by coupling pump Ifght ( ~ ZO mW or greaterl ttiroygti the WDM 
into the erbiurri-doped fiber Ccmmonfy used pymp wavefer^gths are 980 nm and 
1480 mn. The fons absortj the pump light arnl arB excned to their meta stable state. 
Once the ions are in this state, they return to the ground state either by stimulated 
emission or, after about 10 ms, through spontaneous emission. Light to be amplified 
passes through the input isolator and WDM and arr^ves at the excited erbium ions 
dismbuted atoT>g the optical fiber core. StimuJated emission occurs, resultmg in 
addjtjonal photons that are indistJnguishable irom the mpLJt photons. Thus, ampli- 
fication ts achieved Optical isolators shield the amplifier from reflections that may 
cause lasing or the generatjon oJ excess ampfifted spontaneciis emissions (ASEJ. 

Good EDFA design typicailv requires reduction of optical lossis at the amplifier 
input and minimjzing optical ra flections within the amplifier. EDFAs with greater 
than 30-dB optical gain, more than 15-mW output power, and iess than 5-dS noise 
figure are readily achieved in practice. 



Las^r Diode 

PUFTip 




Amplified 
Output 



Isolator 



Hg.1. Schematic of an srtiium-dQpad fiber amplifier showing esient'^i ciaTical itonirjQAents 
The WOM IS e wave^sngiH rfwlsitjn multiplexer 




t4S0 
MetaslabJe Slate 



Ftg.Z Relevant srbiufn ion a^rgy Eevsis 

ASE IS generated in optica! amplifiers when excited mns spontaneously decay to 
the ground state. The spontaneously emitted photons, if guided by the optical 
hber wilf subsequently be amplified (by the excited ions) as they propagate along 
the fiber This can resuh in substantial AS£ powers ( > ID mW) at the amplifier 
autput. A typical spectrum of signal and ASE at the amplifier output is shown in 
Fig 3. The ASE can extend over a broad spectral range, in this case in excess of 
40 nm. 



Amplified 
Signal 




1520.00 



Wsvetength (nm) 



1572.00 



Rfl. 3. SpBctium of amplitFed spontaneous emissiprts [ASE| and arnpljlisd signal aE llis 
amplifier output 



and next by (he Lorentzian (0.32/Bf,). If the ASE source is 
polarized, the RIN will be twice as large for all three cases. 

If the rjptic^al nx'O iver response measLU'enients are perfoniied 
in Uie tTat H\N regime (see Fig. S). no specific knowledge of 
the somce line shape is required. lTowe\'er, if the spectral 
line shape for the ASE source is accurately characterized, 
additional nTeasureinent, sensitivity can be obtained by using 
naiTower optical filters and correcting for the roll-^ff in the 
response datit 

Experiment: Inten^^ity Noise Technique 
Usiijig OptieaJ Bandwidth Reduction 

To demonstrate I he IllOred iiiiensily noise technlqtie, loea- 
surenrents were perfornied at a wa\elength of 1.55 fitn on a 
SONET receiver with 1-GHz electrical I bandwidth. The mea- 
surement setup is shov^Ti in Fig. 4. The mirror at the end of 
the EDFA result^s in twopass ASK generation. This doubly 
ampiifief) ASE is then llllered by ati optical tjjuulpass filter 
with a l-nm spectral widtli. All ojjticd comtectitins were 
fusion-spii(*ed to eliminate optical reflections. The presence 



of multiple optica] reflecfions could mrpart. undesirable in- 
tensity ripple onto an other%v'ise ^onstanl REM speclrum, 
which would be difficult to separate from the receiver fre- 
(jueocy resp< ^nse. The bandpass filtering resulted in approxi- 
tiiateiy a 15-dB improvement in SNR. An average optical 
power of 2C^0 uW was mcidenf onto the receiver; this was 
below its saturation level of 320 (.iW. I'smg a more compli- 
cated dual Nd-YAG optical heterodyne system, mciisiire- 
ments at a wavelengtli of 1.32 j.im were perfoniied for com- 
parison with the intensity noise technique. The intensity 
noise technique shows excellent agreement when compared 
witJi the standard heterodyne method as indicated in Fig. 5. 

Periodically Filtered Intensity Moise Technique 

As discussed earlier, for a fixed average o|)tical jiower, tbe 
sjjoritaneous-spontanef^tis lieal noise in die phott)cuiTent 
spectrum increases as fbe optical bandwidth B,, is reduced. 
This increase i.n signal strength is desirable, but if die optical 
bandwidtli is reduced too much, the high-frequency content 
of the beat noise will start to roll f>ff, making it unsuitable 
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Fig. 4. ExperinLL^ntal arraiigemejil for frequency response riieasmeinenl of a SONET phot orecciVLT usiii^ tlii^ brmdpa*5S-filtcied iiitt'iisity 
noise tec-hnique. 



for high'trpqijency detector calibration. In jnat tire, this 
Tjade-oft' between sjgiiai strengrb and frec|neiicy content be- 
comes a problem when tr^iJig to cliaiacterize high-frequency, 
low-gain optical receivers. Because of the large itipui noise 
figm^es (typically 30 dB) associated with high-frequency 
electrical si>ectrnn^ ^malyzers, large vahies uf photocurrent 
beat noise ai'e required. 

The periadically filtered intensity TU.>ise technique solves this 
trade~onprol>leiii by alluwiug the magnitncle of tlie beat noise 
to be increaseci without loss of its high-frequency content."^ 



Heterodyne 1,32 ^^^ 




04 h 



(a) 



1 2 

Frequeney iGHz) 



tniensity Neise 1J5 |j4n 




(b) 
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Fig, 5. MeasTirement of a f>C)NF>T leceiver frctjuenKry responsf* using 
(a) a 1 J52-|irn Nd-YAtJ opririil hetc^rodynt^ system mid (b) tho 1.55-jiji\ 
fiiLered iniensity noise tec']uik|u+'. 



Tliis is accomplished by passing the aniplifietl spontaneous 
emission tlii'ough a Fabn-Ferat filter and Uien on to the Ifigh- 
frequency optical recc[\'cr. Tliis rethices tlie axerage optical 
power while maintauiing tlie magnitude of the spontaneous- 
spontaneous beat [loise at pcriotlit* fre<tttencies spaced at 
intervals equal to Uie free spectral rmige oi ihe 11 If en Tlie 
result is an incrciLse in RIN at periodically spaced beat fre- 
quencies. If needed, opt leal ami) I ifi cation ^^^^ l h^'ti be used 
to boost the average optical power to a value just under the 
saturation level for the receiver. 

Details of tlio periodically tillered tt^chnitine me shown In 
Fig. 6. Fig. Ga shows the ASE froji\ a sonj t e .sucli ?is aii 
erbiuju-doi>ed libc; junpliller passing through a Fabiy-Perot 
filter at^l on to the test optical receiver. The transmission 
characteristics of the Fabry-Perot filter are determined by 
Its free s|)ectnil range, FSR. mid its finesse. F. FSR is the 
frequent y sejjaration of the transmission niaxinui and F is 
tlie ratio of tlie FSR to the widtli of the trail smissi on max- 
ima. From a signtil proi essing point of \iew, the Fabiy Perot 
filter has a frequency-domain transfer function for the opti- 
cal Held gi\'ei^ by Htv). The squared magnitude of this trmis- 
fer function is Uluspaied ui Fig. lib. PVh the ideal case, the 
transmission through t he tiller would be imity at frequencies 
separated hy the FSR. After j massing through the filter, the 
power spectral density of the ininit opdtal field S\i{v} will be 
trmisformed to |I1(v)!-Sk(v). Fig. 6c shows the filleied spec- 
tnmi, which is incident on the optical receiver. Strong l)eat 
Bigiials occur In the hitensity separated by frequency inter- 
vals erjual to tlie FSR of tlie Fabiy-Perot fllte!'. As riesciibed 
ear her in equation 1. the jiower sped fid density for the ojiti- 
cal intensity Si(f ) cmi be obtained from au autocorrelation 
of the input ele citric field spectnun: 



SiCO - Pirn ^ 1H(v)1^Se(v) * 1H(v)|2Se(v). 



(5) 



This expression is valid for impoiarized amplified sponta- 
neous enii,ssion (see e(|uaiion 1). The result of equation 5 is 
illustrated in Fig. t>d. Intensity noise peaks iire e\ident at 
frequency local ions separated by the FSR of the Fabry-Perot 
filter. Relative to the dc signal, these peaks are a factor of 
F/ti laiger thmi the mifiltered case sho\m ui Fig. 2c. For a 
typical finesse of F = 100. this corresponds to m\ increase in 
signal-tonoLse ratio of about 1 5 dB for photodiode c^haracter- 
ization. Tlie penally for the iucreased SNR is that l)eat signals 
only occur at spec i lie frequencies. TliLs coastriunt is not very 
severe because this frequency s]]aciiig can be set to any de- 
sired value by proper choice of the filter FSR. As deiscribed 
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earlier the oprit^id receiver frequeiio^ response can be ob- 

taiiieri imng ^]iimkm 2, which relates the optic a! iiitensiiy 
sped run I to the pliotrjcuiTent sjH*rtruui measured using aii 
eiet^trical sperrniiii aiialvrzer Assiiimng aii optica] bandwidth 
B<, much targer than tJie frequency response of t lie optical 
ret-eiver. the jjImT nr iirront pnwer spectrum is given by; 



Stcn - jE^nrbiin 






1 



,.( 



f-kFSR \ 
An- ' 



wliere ^r ii> the s|>ectr;ii v^ldih of the Faiin-Peroi fiker and is 
given by Ax - FSR'F This result iUustnites thai tlie niagititude 
of the j)tiotocurrcnr bear signal can be increased relathe to 
a Oxetl aierage eiuiTot \dthout siiciiQcing it.s hlgh-fretiuency 
content. 
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Fig. G. (aj IMotk difmi-iiii illiisirariJiM ih*^ jxiioiUailly filLi-nxl iiui n 
sit.y Etoise caJiliration terjiniqne, (h) Trmisft^r fiiiitlit^ii ttf llit^ Fttbiv - 
pprnt RUnr, (t) Oplira] fielfi spptlnnii imirlr'nl fU \\\v |}!KMi*rp<t'Jvir 
(d) Phrjtf.K'urreiit spec? rum its intiiisiLreci f)ii m\ vUHlrival sperlnjin 
iiiialyzer. 



Experimenl; Intensity Noise Techniqite 
Using Periodic Bandwidth Reduction 

To tlentonsuaJe ihe atiove reisiill. the lurangement illustiated 
in Fig. 7 was used. The ASE ojjfained from die t\\ o-pass 
ED FA supeinuorescent soiuce gene rated an optical signal 
witii a spectial width of about 4tJ mu centered at 1,55 iim. 
Tliis ASE then passed through an optical isolator, which pre- 
\'enied tlie tw<vpjiss superfluoresceiit souice from betxjruing 
a laser. The output of t lie isolator was theit sent through a 
single-mode tlbei" FHl)r>'-Ferot titter with finesse F - 80 aiul 
free sjieetral r^uige FSR = 680 MHz. To boost the average 
power, the filter c:iurput was optically amplified by a final 
EDFA postampiifier. Average output powers of several milli- 
watts can be obtained using this mTtuigentcTit. Fusion splices 
between thesuperfluorescen! .source, the fd ter and thepost- 
aiiiplifjer were nstnl to ininimize reflections. This is iniportant 
because nu]ltii)te reflect joas will add amjjlitude ripple to the 
(niensity power speilinni. The [ihotoreceiver craisisted of a 
high'S|ieed U-uin-rliaitirier. Intra^s pin photodiocie followt^d 
by a traveling wave GaA^ microwave amplifier. A 50-GHz 
electrical spertiiun atialyzer (IIP Bofi^E) displayed the 
[>hotocurrent [lower spectrum, 

Im jr couii;)arison pvuposes, three difl'erent techniques were 
used to fucnLsun^ tlie IVtv putney response of the photorecei\'er 
The ri^snhs of these three measurenients aie showii in Fig. H. 
The? cuiTe labeled A was ohtained using laifihered ASE. For 
cun'e B, the periodically filteied ASE out]iut was used. Tbi^ 
average <jptical power's were held constant and etjual for 
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{A) Unfiltered ASE 
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Fig, 8, P'nMiMt'TK > rt^sponiie nvpa- 
suremf^nts of a tiigh-trequenty 
oplicti] leceiver using three tech- 
1 liquet. Tlie intt^iusily noise corves 
were nieasureci lU 1.55 iiin and 
the hett^radyne tneasxirenieni was 
nuirle at 1 >32 \m{. 



Cluves A ami B. Cmvp t" was generated using an optical 
hpterodym^ redinique. C urves A antl R pxpeiimentally dem- 
onstrate an SNR enham^emont of ap) jroximateiy 17 dB be- 
rwcpn Mic illtiTpd and nnfilierc^d intensity noise tt^chniqiies. 
Comparison between the heterocJyne technique and the two 
intenKily noise techniques shows veiy good agreement, iiliLS- 
traiing flip Hal iiifensity noise spectrum obtaineci frnm (lie 
ED FA noise source. 

DLs cushion 

The use of a broadband intensity noise source for higli- 
fre(|iieiuy detector calil)ra(if>n Iuls several advantages o\er 
other freqiiency-dcjuiain lecluuciues. Ont^ important advantage 
is that eaiibration of the frequency response of the optical 
siiture is not net^essai'y since it can be made Hat by choosing 
tlie ASE spectral widdt to be much laigei' than the frequeitcy 
ri^sponse of the t>hotodetcctoi\ Tliis is not the case for othei" 
frequency-iloiniiin techiuques. For exantple, sinusoidiil inten- 
sity nioclulation of an optical source using a LiNbO:i modula- 
tor re(]iiires tiueful calibration of the frequenc-y response of 
the uKjdulator, which becomes increa-singly dilTtcult dl high 
frequencies. Any enors in this calibradon are passed on to 
the detectors frequency response. 

Compared witJi heterodyne techniques, the intensh^ lech- 
nique Is nigged and ilekl deployable and does not require 
stable polaiization alignment . Since die intensity noise is 
present at all frequencies, i1 ;dlows rapid tneasurements. 
Additionally, the long coherenf;e leiigtli of laser sources in 
the preseuc*e of optical reflections makes the heterocKiie 
measurement more susceptible to enviromnental effects. 

The intensity noise method also has advaittages compaied 
to time-domain impulse measurement methods. For high- 
fnHiuency nieasuiements. the efTects of the oscilloscope miLst 
be deconvoh ed from the measurement before an accurate 
calibration am be obtained. This Ciiu f jften be arduous since 
accurate in\puLse responses for high-fre<iuency oscilloscopes 
are difficult to obtain. The advm'ttage of not requiring careful 
source calibration for die inieusity jxoise tet^hnique is an 



important consideration in developing a portable^ low-cost, 
user-friendly calibration technique. 

Summary 

hi this jjapcr we have j>rr^posed and extjerimentally demon- 
strated meUiocLs for enhancing the dynamic range of the 
inteiLsity noise teclmique for hightVetttiency photoreceiver 
calibration. By combming recently dcneloped EDFA teclmol- 
ogy with spectral filtering techniques, we have shown that 
the magnitude of intensity beat noise can b(^ increased to 
values practical for iinamplilled iilioUxiiotle calibralion. 
Using the periodically hltered let^luriqne, IDS values larger 
than -100 dB/Hz cim be achieved over a tretiuency range in 
excess of 100 QU?., The intensity noise cahbration teclniique 
has die potential for becommg a j>ortable, easy to iLse. field 
deployable calib radon method. 
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Erbium-Doped Fiber Amplifier Test 
System 

The HP 816D0 Series 200 EDFA test system combines various instruments 
with powerful software to characterize erbium-doped fiber amplifiers. The 
system is a turnkey solution with folly specified uncertatnty- 

by Edgar Leckel, Jiirgen Sang, Rolf Miillcn Clemens Riick, and Christian Hentsehel 



Erbiuni-doped amplifiers (EDFAs) are the latest state-of- 
the-art soUitiori for amplifymg oi>Uc^il signals itt lightwave 
traiv«iniissioii systems (see Fig. 1 j. They are used as ttooster 
amplifiers on the tninsiiiitter side to get as much power as 
possible inra the link, as inline amplLfien^ to dveicome the 
loss of the fiber, and as preamplifiei-s at the receiver end ro 
boost signals to the neeessaty recei\x^r levels. EDFAs cmi be 
used m single- waveleiigtli traiiJ^missioii systems, in wa\ e- 
leiigth ch^lsion multiplexed (WDM) systems, and in soiiton 
h'arusnijssioji systeins. To use EDFAs in the vanons ai^pHca- 
tiorts it, is neoessary to diaracterize tlie single aiutjliiler as a 
component. 

Parameters and Measurement Techniques 
The maiii paranieteis flesciibmg an EDFA are signal niitj>iii 
powen total otitjiut iiower. gain, and noise figure. ^ All rjf 
tiiese jiaranieters are dependent on input power level and 
wa\ elengtli. To chmarterize these ampiifiei^ fully it is nec- 
essaiy to measure their depetidenre tjii bcaii input power 
and wavelength (see Fig. 2 J. 

Signal output power is nieasined with an optieal st)ectnnii 
an£d>7.er and the total oii!|inr power is nie^isnred with a 



power n^eten The gain is the ratio of the signal output powder 
of the ampMer to the signal input power. 

Noise figure is defined as the rafio of the signahfo-noise ratio 
at the input to thesignal-to-noise ratio at tiie output of the 
mnplifier imder riie following conditions: shot-noise-liniited 
I^hotodetector. shot-noise-linuled input signal, and optical 
Ijand^udth api^roaciiijig zero. The nsain jtrotilem in measuring 
(ht^ niHse figuie is diat sotirees used for getieiating viuiable 
input t>ower and wavelengdi also generate a Irroad LED-like 
st>ectinitn called source spontaneoiLs emtsston (SSE). The 
SSE is aini>Ufied and adds to the output powen T)u^ aint>li- 
fier output consists of amplilleti signed tmd mnphlied spoiUa- 
neous emission ( ASE ). To measure only the signal ai^d ASE 
t'ontribulion from the amplifier we have to eliminate tlie 
contribution Q-oni the SSE. 

Tliere are two prmcipal methods'^ for meas tiring the exact 
noise level of the ainpliHen The first is f alletl the amplified 
siJrailaueous emission inteipolatiot^ subtraction method. In 
this me I hod dtt^ SSE level tit die laser source is detennini'd 
during the calitjraticjn mnl stored in a call I oration file. With 
this calibration and the measured gain, the SSE x gain 
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contribution can be siibt meted froiii the lotaJ spontaiieous 
[K I w e f ' I eve I t r > ( > l>i ain the ASE level «> r 1 1 1 e m 1 1 1 > I i IV ! I ! se 1 T 

Tl\e second iiu-^lhod is called rtiepolarizaTiDn exliiulinn 
method. It dejieiids on the l^^u 1 tiiat tlu^ signal and Iht^ SSfi^ of 
tiie laser source have the stime stale of polarization because 
there is a polarizer at the outpul of die i unable laset' signal 
source. The ainplitler s ASE is unpolai izt^fi. This makes it 
possiliile to extinguish the inuplii'ietl SSE emit ti but ion V)y 
blocking die signal and dierel'ore also the SSE coiuritnnion 
after tlie amplifien Tlie extinction is accomplished wifh a 
polarization f ontrolkT/fill en 



EDFA Test System 

The IIP Slf>tK) Series 200 EDFA test sywleni is shown in Fig. 3. 
Fig, 4 is its block diagram. The tunable laser source v\ ith 
bi[ilt-in atteniiator^ pro\ides the input power levels over the 
retjuired wavelength nmge. To guarantee the absf>lute ijower 
level a I the input of the EDFA, the power is nionilortMi by 
means of a coupler and a cahl^rattHl power meter. ^ At the 
output of the EDFA the tottd output powder is tnei^ism'ed with 
a 5% tap and a poWTr meter. Because of the higli output 
powder of the Ell) FA it is necessary to inseil attenuators in 
front of I lie power nieier Iieads, Ttie coupler for the power 
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meter acts as an attenuator for the optical spectrum ana- 
lyzer. Tiie coupler is foliowed by a switcli and the polariza- 
t ion controller/filter arrangement. Tliis makes it possible to 
measure tlie signal directly or s1a tJie polarization contioller/ 
filter wills l\\v polarization extinction method. 11 le oirtical 
spertrum analyzer ads as a wavelengtlhseleclivc privvrr 
measurement device. 

Amplitler Test Set 

A sfjerially deve]oi:>cd inHtrument for thLs test system is the 
amplifier test set, Tlie amplifier test sel ctmsists of couplers 
for inonitoring tiie input anil {>utput power of the KDVA and 
a polaiizatJtni conlrnllrr/niler Tin* swiicfifs me used ii> seler l 
between gain uieasuJemen! nii tlie straigiU j)aLh anti ASH 
nieasm-emerit on the fjohirization controller/filter patli. 

The t>pticiii design of t lie polaiization eontroller/fiiter is 
based on twfj retiuxlalion plates — one quail er-wave mul one 
lialf-wave plate — and a linear dicliroic polaiizer (see Fig. 5). 
These pmts are moimted on rotatable hollow shafts so tbaf 



the coUimated ligjit beam can pass through the sliafts and 
through the center of the optical code wheel The whole as- 
sembly — optical pails and encoder — Ls dnveti l>y a dc motor 
couplet! with a i>eJi gear drive. Witli Uiis design aity incom- 
ing state t:if prjl^rizaiiou can l.)e Iransfonned into any o titer 
state by rotathig the retardaliun plates to defined aJigular 
positions. A polarizer Is addetl ai the output so tliat hneiu- 
states of polaiization can be extinguished. 

In the polarization extinction inethrxl the polarization 
con! roller/filter \s nsin] as a ptjhirizatitjii analyzer to deter- 
mine the injml slate of |H>lanzati(ai. Based on this measure- 
ment, the retiu'dation plates are rotated to ialculated lingular 
]>ositions, which change tlie signal and the amplified SSE to 
a linear slate [lenn^ndirular lo the pasH direelion of I he jkj- 
larizer. This eausi s the sij^nal aiul die amphfied SSB h) be 
extinguished. 

The amplifier test set r ontributes to the ovemll system im- 
eerlainty. ThtnetVire. dw couplers, swiiches. mid polaiization 
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rondoller/filter were designed or selected for lowest polar- 
ization riependenr loss, !ii addition, the switches were se- 
lectefi fur wrs goixl rei.>eatai.>iiily aJid high retiim loss. The 
]iolariJ5aiion ( oiitnjiler/riher was also designed for low rota- 
tioj^ depentk'Til loss. Finally, an ijUelligenl algoiilluu aiid 
optiniisied speed of Hie polcirization con trollei /fitter reduce 
tl\e total nieasiirejnent time. 

Before starting a rneasurenienL if is neci^ssaiy to mn acali- 
bratiiai. The Orsl rail Ijrat ion siep is to measure the eoupliiij^ 
ratio of tile cdtipler l>erore the l)t T witli the heh> cjf the two 
power meter heads, Tlie seef>ntl step is to calibrate tlie opti- 
cal spectnim analyzer and the power meter in coi\junciion 
with the attenuaf ore mul the kisses of the paths. A feed- 
Ihroiigh is used to connect the test system s inpul and out- 
put ports. The calibration is \ erified by nieasnring the feed- 
tlirough. In this case the gain is w^ell-know^n (0 dB) and the 
output powder must he the sanie as t.lie inpul power. 

EDFA Test System Uocertaiiity 

M^or effoits went Into imderstanding, charactenzitig and, 
wherever tujasibk^ con'ecting Mie aciuaj and [>otential 
sources of ernir in the HP SlfiOO Series 2t)0 EDFA test sys- 
tem. This task is comijlex because the lest system ajul mea- 
RLuement tasks are complex. All measurement tasks start 
with tlie calibration of the system, in which optic^il power 
traceability ir) l^B mul NIST is ensuretl.^ Optical jjower 
traceability is impoiiant in conjunction witli the signal 
pi;>wer, tf>tal j^ower, mtd ASE metisurements. die latter being 
used to calculated the noise ilgme. For the gain measure- 
ment,, it is impoiiant that the power scale be linear Tliis 
parameter is also traceable to PTB tiuongh a chain of scale 
compansons. Final ly, waveknigth tracealjility is ensured 
through comparisons to specific gas lamps and lasers, which 
can be considered natiu^aJ physical c^onstatits- 

A careful im certainty analysis was carried out for each of 
four parametei^: signal power, total ijovrer. gain, and noise 
figure. In each case, the entire process of calculation was 
mialyzed. Fcjr exmnt)le, the gain is defined as the ratio of 
signal outi^ut power to signal input pow^en Signal in]>ut 
power is measured by memis of the injiut coupler and the 
MP 8ir)*3A optical jiower mt^ter with the IIP S1532A powder 
s< ^n so r ri K ) d 11 k.v T t n s m ea.su r enicn I r el ie s o n 1 1 le a c curacy of 
the iivpul calit>ration and the perfonnance of the equipment 
involved^ Signal output power is nte*isured with the ampli- 
fier test set mid an tji>t1cal spectnim analyzer. This measure- 
nu^nt relies on tJie accuracy of the ouiimi caliljration aiul tni 
the performance of the eqiilpinenb 

As im example, the following represents a smnmaiy^ of the 
uncertainty analysis for the dctenniiiation of noise ligure. 
Tl\is analysis is tl^e most c-oniplicateti because the noise 
figure F is a fimction of the ASE power density p.^i. and the 
gain G: 



• Small errors in the optical spectrum analyzer scale fidelity 

• Diift effects in tlie amplifier test set 

• I ncertainty anributai>h' to the intmt comiector pair (tbe 
outijui conn edt J!' i>air i^ancels out because it innuences the 
gain and the ASE in the same way) 

• (Calibration uncertainty of the HP 81524A optical head 

• Finilt^ accuracy (jf the raiuellation of the source's 
Sj>f)ni;itic(ius emission in determiniiig the ASE level 

• Loss uncertainty of tlie |>ath through the polarization 
controller 

• Uncertainty of the optical spectnmT aimlyzer^s resolution 
bandwidth 

• l^ncertainty of the input i^ower measurement resulting from 
the |jolarizatioi\ depencience of the input coupler and the HP 
8 1532 A power sensor mi>diile. 

Table t shows a sumniar>^ of the uncertaiiUy analysis for the 
IIP SltiOtJ Series 200 EDFA test system in coi\junction wltih 
the poUirizatiou extinct if an let luuque. Also shown iUT the 
total uncertiiinties, \vhi( h are oi>tiiined l)y rtx^l-sum-sfiuailng. 
They senre as the basis for I he test system specifications. 



F 



G hvG 



where h is Phiiuis s cimstmit mid v is the optical frequency. 
Analysing this equal ion tor the origin of the numeric values 
and the perfonnance of the instniments involved leads to 
the following list of |iaitial imceitainties for the noise figure: 
I*olm1zai irm dejjencience of ilie amplifier test set mid die 
optical sjjecti-imi analyzer 
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±0.39 
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Software 

Testing an EDFA de\ice in produtiion requires software that 
is easy to use. since KDFA measurement methods cire quite 
new- and the sob ware will be used by peojile who may not 
know all of the details of the test process. On the other 
hmid, software flexibility was an important design goai to 
allow extensions for additional measurement methods and 
integration hxia existing customer processes and databases. 
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The EDFA fest system software runs (Hi ail HP 74 5 i work- 
station luidcr the HP-UX* 9.01 opeiiating systemj mid is itii- 
plenicntcd mostly in the C programming language. Fig. 6 
shows an ovenic^w nj tiie sol^waie structure. On ihe lower 
levelj there is a s(M of ilnvers for the differeal inslrumeiUs, 
along wRIi some nio<lules for ac;cessmg conllgmation infor- 
mation and hi^lj) texts. Tliey supply an easy aiui portable 
arcens to the instnmient hardwtu-e shown in Fig. 2. 

The c'ommunicatiQn layer r<jr ttie mstrument drivers is based 
on the STCL (Standaid Inslrnnienl Control Libraiy), Using 
the SJCL, data am be written to and read Irtjrtt instniments 
with commands similar to those for reading iiiid writing files 
in C. All calls to the SiCL are haiidlerl th rough a eontrol 
module railed inst_drv (Pig, 7). Its |nir|>o.se is to allow the 
logging of traffic going to and from the in.stniiuents and to 
support some basic functionality likc^ detecting tlie presence 
of an instrument on the tlP-IB (IEEE 488. lEC 625). It also 
supphes central error liandling facilities. 

For each inslnnnent t^pe there is a sepjirate driver module. 
Each module can control several insinmients of the same 
l,Vi>e ai tmce, and keeps track of the hitenial inslrument 
states lu save execution time. The tlriver modules check 



parameters before passing them to Hie instrunienls, and 
support instrument error checking. 

To siieed up measurements where multiple Lnstrunieuts are 
involved, ilie drivers act asviichronously. For example, both 
chaimels of the HF S15-3A opt leal i>awer meter can fetch 
data while the HP 7095(J optical spec-mim mudyzcr is making 
a swept measurement. Additional conunarids are available 
to svnchronize the instruments and make sure evervUhing is 
settled before a measurement is takeiL 

The measurement application is built on top of this driver 
structme. It contains dififeiTnt algorithms for testing EDFAs, 
one of which is active at a tmie. Currently, the following 
measurement functions are integrated: 

• Perform an input cahb ration of the test system 

• Perform im output cahbration of the test system 

• Verify the ctdib ration 

• Measure an EDFA using tlie polarization extinction metiiod 

• Measure an EDFA using die ampiilied sjionlaneous enmsion 
method 

• Peiform a self-test. 

While the measurement proceeds^ intermediate results are 
checked against hmits set up for the de\ice by the operator, 
and against certain fixed system limits (to detect improper 
cotuiections> etc.), 

A C language mterface aEows customized extensions, such as 
controlling additional paiameters (e.g., the EDFA pmnp cur- 
rent J or perfonnuig additional measurements (e.g., reading a 
voltmeter). 

AH results of the calibration and measnremeni stej js are 
stored in a single file, along with hifonnation about the EDFA 
device J the test conditions^ and the overall result (pass or 
fail)- This file is organized in a structured ASCII fonnat and 
allows easy extraction of all impr>rt4mt lest results for use in 
analysis programs and databases. 

For user-friendly paiameter input and measurement contrrjl, 
a sophisticated user interface was designed. Written with a 



HP 7CI950A 
Ojiticiil Spectrtitp 
Analper Driver 



HP8t53A 
Opticul PowBf 
lUletoi driver 



in$l_iirv 
(Driver Kernfill 



Oilier Instrumsni 
Drivers 




teMl_srv 

Help and 

ErrQV Messages 



conLsfv 
Canfigufation 
Management 



Fig. 7. liLstmnH'Tit driver overview. 



Pr liniiuy ni95 liewlett- Viw kard Joi 3 rn;i] 1 7 



)Copr. 1949-1998 Hewlett-Packard Co. 



tyai6answte2iiOByAT««t%rtwi» 



file ConfiDurvtlim Meaiuremsnt flesuftt 




AMea^vemetit 



Fig. 8. Main window o] ttii KDFA te^t sysunit u*5t-r inrcrfof t , 

user interface bidlder. along with some C ctxle, il Ls based 
on Xn/lVlotif (Hg. 8). 

Tile user is guided Ihrough the setui) iintl <a)il>nition of ifie 
lest system by easy-it* use men lis and dialog huxes. Difter- 
ent calibration setups for specific wavelengdi ranges can lie 
enteredt ^s well as test t^^jiidilions witli limits appropriate 
for certain EDFAs (Fig. H), 

Where fiber comiections have to be made in the ealibmtk^n 
and measiiremeni process, a graphic is h rough I up on the 
screen showing I he necessaiy steps irmd connections. All 
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Fig, &. "Ibsi. coudititni input panvL 



Fig. 10. I^rogrt^ss stafns wjehIiav. 

ininii'ric data is cliecl<eil for correctness iinmediiLtt ly after it 
is entered. Befoi*e a measurement starts^ tlie calibration is 
mat.c^hed against Oie iieeds of Lite requested test. 

The progress of a rtmning calibration or teat is shown witJi 
an inh>rmatiun bcjx on Iht' screen [Fig. 10). Meanwliile. the 
jDrogram stays fully usahlt* for entering lU^w test setu[) tialaj 
or lor reviewing die results of previous measuienients. 

Hesult data can be examined in lexlual form. A table sh own- 
ing inijut ])arajnet.ers and results can be viewed and printed* 
A graphical oinjnn systeni is uiclufled so tl\at the user cim 
review the data graiihically ajui create graplis for BDFA. 
device docmnentation. 

A nteini f Kig. 1 1 ) allows tln^ iist^r to ehoose an X-Y t>lol of 
any result parameter aguirisi i\n\ minit inuameter (including 
iist'r-specitied i)arajnetersj. Fig, 12 shows sueb a plot. A 
single graph can have itp to eight traces. The graph can be 
interactively scaled and zoomed, ;md markei^ can be ]>laced 
either freely ui lioimd t( j measiuement points. The X-\' values 
of each measiuenicnl pouit can be read out with a smgle 
nioitse elick. 

Tlie graphics sysrejn also prt>vides liard-i'tipy funcfionality 
and allows the merging of different graphs on a specified 
mimbcr of pages, thus cnahhng the oui|)nt of a user-defined 
data sheet which can be print tni out am<imatically after each 
test is eonipielcd. Supporied printei's are the IIP LaserJet 
series mui the DeskJet, series, the latter allow^ing color 
inintouts. 
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Multi-Quantum-Well Ridge Waveguide 
Lasers for Tunable External-Cavity 
Sources 

A new multi-quantum-well ridge waveguide laser enhanced for use in a 
grating-tuned external-cavity source has been developed. The device 
offers higher output power and wider tunability for improved performance 
in a new instrument. A core technology has been developed for use in a 
variety of light-emitting devices. 

by Unmiaia R. Raiigaiiath, Michael J. Ludowise, Patricia A, Beck, Dermis J. Deriekson, \\llliain H. 
Perez^ Tim L, Bagwell, and David M, Brauii 



Timable laser sources for testing of ojjtical ('oixij)onents and 
subsystems are m\ important pail of a family of lightwave 
cDnuiuniication test and iiieasurement mstrimients thai [IP 
has tle% t'lopeci over the hist decade. CiuTciUly, HP offers two 
tunable laser sources: the HP 81(j7A and HP S^IOSA.^ lltese 
instntnient-s runctiun iit the wavelength windows centered at 
1300 imi aiui 1550 nm. 

Custom requirements of lest instrimients cannot always be 
met by commercially available lasers. As a resuh, semicon- 
ductor laser developmenl was begun to prc>\ ide core material 
and device technojogies that would produce suitable optical 
gain media clups for future r unable laser srnnce.s. The laser 
described in this article is the optical gain medium for the 
HP 8108C tunable laser soiu-ce. Tlie same technology forms 
the basis for other custom optical soiirces, such as die c>dge- 
emltting LKlJs discussed in the article on page -13. 

There are many different aspects to the development of a 
custom laser chip: de\ice design, material growth, fabrica- 
tion, testit^g. iuid reliability. Witle lunabihty and higli output 
power are two ver>' importaJit requiremejUs fur the instni- 
ment application. The device nuist also be capal)Ie of openv 
tion in an extemal-c^avlty laser soiuce like the HP 8168C- 

A semiconductor laiser is an optical oscillator, and like any 
oscillator, it consists of an optical amplifier (realized in a 
suitable semlcomiuclor material system) together witli feetl- 
back (provided by two atomically parallel cleaved facets). 
There are two classes of semicondiictor lasen*: g*un guideil 
aiid uidex guided, Tliey ai^e distinguislied by the waveguiding 
mechanism for tlie optical lield. Gaui guided devices me rela- 
tively siniijle to lai)ricaie but have higii threshold cunent imd 
astigntatism of tlie output beam. Index guided lasers can be 
more challenging to fabricate tiut offer low threshold eiir- 
reiits, high linearity of output power, and gootl beam quahty. 

There are a number of variants of the index guided laser. Tlie 
most sophisticated involve nmhiple regroMhs of epitiLXial 
marerial m'omid the waveguide. A rirlge waveguide laser.- 
while still index guided, has no regrowlli steps^ moderate 
thresliold cuiTents. excellent bemn quahty. and (jorentially 



high rtdiabilily. Ridge stnictures do not exhibit I he best lin- 
earity of oiUpiU power with current drive (as do die best 
buried stnictures) anti therefore Eire not suitable for api)lica- 
tions such <'is CAT\C But Jor external -cavity sources, ridge 
waveguide lasers provide excellent performance. 

The amplifying region m the ridge structure allows a single 
optical mode to propagate while a suitiible electron-hole 
population distribution is maintained by an electrical cur- 
rent, Details such as material compojsiiifjn, layer thickness, 
itiHl ritlge dimejisious impact tlie threshold <airrent, difteren- 
tial i|uantum efnc^ieucy, and far-field divergence angles of 
the light emmtating from the l wo device facets. The fai-field 
di\'ergence angles determine how efficiently the device can 
couple to a hybrid grating-tuned external cavity on one side 
mid to a single-mode filier output on the other. The device 
threshold cuneiU is the point at which the amplifier gain 
equals the total eavity losses. I'sebi] nfitieai power output is 
obtaiuetl only for currents greater than threshold, Differen- 
tial quantum efficiency is a measure of the device's ability to 
convert electrical eiiergj" to coherent o]itical output power, 
once the iiijected cmrent exceeds threshold. 



Tlmability is intimately tied to the electronic band structure 
of tjie semiconductor as well as oiii' ability t<j gi'ow a tie vice's 
light-emittmg region by memis of a vapor phase technique 
kno^\Tl as organometallic vapor phase epitaxy ((JMVPE). To 
operate In im extem;d cavity, a device aiso needs an antire- 
flection cottthig. l>e\ices iinist l>e reliabie. so tuue-C'onsuming 
rehabilit>' studies are floue. Groups of tlevices aie stressed at 
iiigh leitipenitures, higli currents, or Imtii for many Uiousmids 
of hours. Also, devices must be tested in cJiip fonii and in 
subassembly module fonn.'^ To anticipate instnnnent opera- 
tion a laboratoiy grating-tiuied extenial cavity is used. This 
allows a quick look at timabihty and output power for a 
given device. 

Semiconductor Laser Device 

hi Fig, 1 we show a schematic cross section of a ridge wave- 
guide laser. Essential featines of our device are a muUi- 
qumittim-well active region surrounded by n-type and p-ty^ie 
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Fig. I , Ritj^ wavegtud€ laser cmss section. 



InP cladding regions. The upper part of the device !ias an 
etched ridge whose function it is to confine Ught lateral ly, 
fomiiiig a single-mode optical waveguide. Witli a p ohiTiic 
metal contact on rJie ridge 1 op and an insulator on either side, 
current is confined to a specific region. Tlie completed de\ice 
lias Iront and back facets clea\'etl to fonn alonrdcally flat and 
parallel end mirrors. The ruo end mirrors together with the 
optical waveguide foiiii an optical cavity. Tlie ridge is topi- 
cally a few micrometers wide and a few micrometers higli. 
wiiile tJie completed chip is on the order of 100 mIcriHuelers 
tliick and a few liujuhecl micrometers on each side. Tlie ]) 
contact has a thit k goUl isad plated to act as a heat spreader 
in adcUtion to foiming a bond pad. .\n n contact on the back- 
side of the chip completes the device* 

Active Region Design 

Absorption. Stimulated Emission, and Optical Gain. In a direct 
i>^uidgap .senucoiiduclor (say. Ihe active region of a la.ser), 
an electron from a filled valence band state can abwrab an 
incident photon (of energ>^ > Eg, whert^ Eg is the baiulgap 
energy). In tlie procesis the electron gets transfent*d to a 
conduction band state, leaving behind a vacancy (hole). The 
ab^^orption rate depends on f he incident pbott>n flu.x aiui the 
densily of availabie conduction l)aiid sUUes, In the reverse 
process, .stinmlated eiiiission, an incoming photon of energy 
Ep stimulates an electron-bole pair r.o emit a second hvphase 
photon (of energy Ep). The stimulated emission rate depends 
on the incidei^t i>hoton flux, tlie density of electrons in the 
cotuluction l>aiid, and the densit>" of holes (at the correct 
energy) in the valence bmitl. Af|umitmn-iTu^cbanjcal matrix 
element that measures the strengUi of the optical ccjupling 
between hole states (in the valence band) and electron 
states (in the conduction band) enters into the calculatiorfc 
for optical absorption ;utd emission states. 

It is tJtls stimulated emission process, under condhions of 
electrical punitjing (with a sLitricieni density of electrons 
and holes in tlie cijmductioii and valence band states) that 
can provide optical gain. When the .stimulatcKl emission rate 
exceeds the (sritnulated) ab.sonition rate tliere is net optical 
gaia This is generally possible only tinder I ligh electrical 
ptnnping conthtioas. In addition, im electron from tlie condut*- 
tion band cati spontaneotisly etnit a photon by recombining 




Fig. 2. Parabolit ^n^igs^ E versns c rystal nioitientiiiii k tHagrani 
(sinipliiied) for a direc-t bajidgap st^miconductfir having an ener^v 
gaf) Eg, Tlie riiffereiKe in rurvat tires refleeLs the difff^rence in carrier 
elTeetive ma^sses for electrons (mi' ) and hole.? f rrtj',). 

with a hole from a valence band state, Tiiis process do^s not 
depend on die presence of an incident photon and gives rise 
to optical noise in laser devices. 

Electron/Hole Densitv of States and Tunabihty, To gain an ap- 
preciation h>r liovs ojilieal gain over a broad window arises, a 
brief examination of elect jx>n/li(.jle states iti a chrect bandgap 
semiconductor is useful. In a bulk ilirect bantlgap semicon- 
ductor, electron and hole states generally exhibit a parabolic 
relation between energy E and tiie cr^^stal momentum k (see 
Fig. 2). In the conduilion l>aiuf 



E. = 



2me' 



where n\. is the electron effective mass, antl in the valenc^e 
batid, 

^h - :r^i 
2mj, 

where nih is the lujk* eriective miiss. The electron effective 
mass is abottt a factor of 10 smaller tlian the hole effective 
mass and this is refiected as a factor of 10 chfference in the 
curvatures of the j^arabolas in the conduction antl \'alence 
bands. The three-dimensional density of allowed electron 
tuid hole states per unit; energy is proportional to v E for a 
biUk semicondiK^or For the case of a very lliin (L^. « 10 nni) 
layer of the same bulk sen^icoiiductor sandwiched bet wf^en 
two barrier regioiLs of a higher bandgap inateriaL a struciuie 
knov^m as a quantitni well, the electron and hole motions me 
restJicted and the allowed energies for motion normal to the 
layer iue quantized imd occur at discrete energies (say E/,. 
E^", ...) dctctTuint^d l)y the fiimensitjn Ly. Molion in the plane 
n{ \\}i^ nim is nol reslricteti and alkjwed energy states form a 
iiHitinuLan. Tlie result is a ioast*uii densitv of states for botii 
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electroiis and holes. "^ Fig. 3 illustrates these observations for 
botJi bulk and quaiituiii weU seniicondurtor structures. Fig. 3a 
shows (halt*ln?d regions) the same volume density of eler- 
Irons (ancj holes) distribuled in energy space for bulk (lef( of 
line) and quantum well fright of line) btmctiu-es, Tlie elei*- 
frons fill up I he available slale.s and reach a liigher energy 
for a quajiti un well thaji for a in ilk active layer, ll iy ihis liigh 
energy state occupancy feature that allows a broad wave- 
length range of gain using quantum well active regions. 
Quantum well composition (which fixes the gap energy in 
Ihe weil region, Eg ) and thickness {Ly), together with bar- 
rier region cornpo.sitinn tvvliit li fixes ttie gap energy in tiie 
baiTier region, E^) determine the positions of the discrete 
levels Ep, E^, .,. (see Fig. *31)), Level El deteraunes the long- 
wavelength end of the gain s]iectnmi. The shoit- wave length 
(or higher-energ>') end of the gain spectrum is determined 
by the loss of electi on confinement in the quantum wells. 
This loss of electron confinement is primarily detcniiined by 
the bariier eneri^^' gap E||. Tlie upshot is that one needs to 
pick carefully the lianler material (for E^). the quantum 
well material (for E^ ), aiul tl\e thickne^ss U lc> ensure a 
properly w avelengdi-centereti and sufficiently broad gain 
spectnmi to fit the instnmient need. In practice, Uie niodal 
gain provided by a single quantum well is quite modest, so 
multiple quantini^ wells are used in parallel lo achieve tlie 
requisite gaiti. 

OMVPE Growth 

Organometallic vapor phase epitaxy ((^M\T*E) dominates 
contemporar>^ pi od net ion of the quateniaiy compovind semi- 
conductor Giiliu'Vsl* because of its relative simplicity, high 
yields, and scalability to large-ai-ea production. The GalnAsP 



-Eg 
■Eit 



Fig. 3. (a) Parabolic aritJ slep 
tleiLsiLy of states for bulk seriii- 
coiidtictijf Cleft r>l'liiiej and quail- 
l.iiin well (right, oflint^). For a 
gtven volnrne density orearriei's, 
ek^t't mnfs fill up to a greater depth 
for th<? qaantuai well case (right 
of Uiie). (b) Discrete electron and 
hole eiiergies from fpsiritied z 
inf>tiofi in a quanLum well of 
t:h.K:knes.s L^. Wr have omitted the 
prescuicc* of a degenerate light 
hol(f tiand for this iUusinition. 



mat**rial system lias been studied since the early seventies 
when it was realized that compositions lattice-matched to 
InP sui>strales would pioducc de\ic(>s important tor I he 
then-infipient fiber-optic comnumit'ulion systems. OMVPE 
uses group 111 organometalljc compounds such as triethyl- 
gailium (TEGa) or tiltnethyliiidiuiu (TMIn. both metal alkyls) 
amtl hydrides of the group V elements, such as AsHrj and PH3, 
as somce materials for the vapor de]D<3sition. Vapors of the 
metal alkyls aie enti'ained in a carrier gas. usually hydrogen, 
and transportcti to the heated substiate, Tlte organometaQics 
readily crack inio single metal atoms and ethane or metlume 
chains. The [uetiil deposits on the growing surfacet and the 
hydrocarbon chains £0*6 swept away in the carrier stream. 
Similarly, the hydrides also crack thermally, depositing only 
the group V atoms. A neai'ly jierfect 1:1 stoichiometry of 
grouji V ;o group 111 atoms is achieved in the solid because 
the ciystal strongly rejects excess group V atoms, which are 
volatile enough to evaporate. 

The deposition zone design must incorporate several critical 
requirements. Tlie substrate temperature must be uniform 
and fightly controlled since the j\s/P solid ratio is highly 
temperature-sensitive. The Ouid dynamics nuisl l>econ- 
trolleci to deUvei' uniform amounts of preCLirsor r^liemical to 
aJl partes of the substrate, and to compeitsate for any down- 
stream depletion. Finally, turbulent flow streams defeat 
at>nipt gas romjiosition changes ii\jected by Uie precisrori 
gas switching manifold iuid must be designed out, Tlie laser 
diodes for the tunable soiuTe rectuire precise control of the 
composition, thickness, and iniertaces of nearly Jti epitaxial 
layers. The ratios of the four main gas constituents control 
the epitaxial GalrtAsP compositioj% and the total metal alkyl 
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conceiiU'ation (ietemiines the epitaxial grovtih rate. Abrupt 
changes m comtiosilion are achieved hy rapidly svvilching 
the gas composition. Slow variations in tlie metal dkyl 
vapor ratio** and hydride gas Oow produce gradually graded 
material. In all cases, the epitaxial layer must remain lattice- 
matched to the InP substmte to witiiin 2 parts in 10^ to sup- 
press dislocation fonnation. This reciuires precise control 
over the alkyl temperature ( < OJ^'C variadon), carrier gas 
Sow, and the system pressure at several points. 

The use of TMLi introduces another control complication. 
Unlike other commonly usetl metal alkyls, which mo liquid 
over i>ractif'al temperature ranges, TMlt^ is a solid. The con- 
centration oft lie TMIn vapor subhmed into tlie gas stre^mi 
varies (often unpredictably) with the solid surface area and 
the source lifetime. The TMln vapor concentration in the 
hydrogen cmrier gas must be const atRly measured antl <-on- 
IroUeci tluoughout the dejiosition (;vrk\ By timing the transit 
ol an ultrasound t^ulse through a real-time sample of the 
TMln-hydrogen mixture. T^^In concejitrat ion to within 1 
pan in 10" (rait be detemtined. 

Finally, small interfacial c^omtJOsition transients generate 
massive dislocatioji rlel^^()['ks thai lies troy device perfor- 
mance. By contj'olhiig ihe leni[>erat:iu'es. pressures, flows, 
and gas switching timings, t'.4sentialiy perfect inteifai*es can 
be formed. TliLs allows growlh of qualemmy quantum wells 
as thin as 25 A. 

Ridge Laser Design Issues 

The final device retjuires relatively small far-field dh'ergenc^e 
angles (O^ atid 6] ). a snuill value of I,|, mid a jtigh Viilue for 
the differentiai qiianiuui efficiency i)^]). Thickness (tjit-t) and 
effective index (ni,^.|) of ihv active layer together with t]\e 
refracfive indexes of the top (n^) and bottom (n\y) buffer 
regions determine IV^nr ^^^^^ in him control Oie angle ^ (see 
Fig, 4). f |\.f( is the optical [jrrjpagation constant for an equlv- 
al{*nt slab wav{^guide whose layers are the same as the ridge 
pait of the device J The thickness (Ibiin*) f^^ Lhe buffer layer 
in the field and the width of the ridge (W,.) determine tlie 
angle B*. The thickness (thuff) determines the size of the 
index rliscorifiiiuity lietween the liflgc and the fiekf A low 
thresliold current is iichieved liy minimizing Wtist.e of caniers 
(to unnecessaiy lateral (nirrent spreading hito tlie field re- 
gions) and by shieldiitg the optical fielil from metal losses by 
asuffiriejniy (luck diekMiiii* layer, fiy judicicMis chojci" of 
dimensiuns Ihesc^ efficierK y degrading cujrejii spreading ef- 
fects caji be muuinizi'd to obtain an extremely reliable device. 
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Fig. 4. Rir|^** w?ivMgiiir|f» ifts^r 



ecjuivaleni siah waveguides 
whose layers are the same as in 
thp ridge and side regions of the 
device, respecdvpiy. 

Once tlireshold (sufficiem gain to accoimt for all losses) is 
reached, any extra cmrent produces lasuig photons. Tliese 
photoa? still face losses from various physical mechanisms: 
absoi^ption ui pumped and mipmnped regions, scattering from 
defects* metiil absortJtion losses, aiid useful light output from 
the end mirrors. The differential quantum elUciency can be 
expressed as; 






^u = m 



where tji is the intennd iiiiantum efficiency indicatuig the 
fraction of iryeeied carriers converted to photons, u^^ m the 
loss resultuig from light emitted from im end miiTor, and Ou^i 
is tlie loss resulting from vailous internal factors. Botli noiv 
radiative recombinatifin at surfaces and defects antl Auger 
recombination I make 7]i less than lOt^ki. Since aniir signifies 
useful output, one needs to keep ctj^,) to a tolerable miniimmi 
to achieve a higli %i. For a semiconductor laser t>f length L<j 
and facet reflectivity R, 

A value of L^ cliosen lo make Uy^^^y = a\^x maximizes the ou^ 
put jjfjwf^: Fat tors ditiatefi hy instnmuMrt (jpe ration deter- 
mine the actual device lenglli. 

Device Fabrication and Tefsting 

Starting with a proper stnicture ejjitaxially gro\\m on n-type 
InP ^jubsirale, a imisk for the ridge is defmed phoiolithc?- 
graphically. ITsing this mask, ridges of the chosen widtfi and 
height are ett^hed using a niethane/hydrogen reactive ion 
etch.'^ A dielectnt* layer is dei>DsiIed all over anfl selectively 
cleared from the ridge tops iisingaseif-aligned jihotoresist 
process. Fig* 5 is an SEM cross-section showing photoresist 
on the aides, selectively protecting the cUelectric layer that 
covers the entire top stuface. Fcjllowing lliis step, ihe dielec- 
tric layer is et( lu-d (jff the ridge lup atul the phulo resist is 
removcfl from the tlekl f see Fig. ti), A p conta<l/metal com- 
bination is deposited, covering the exposed ridge lops and 
tht' dielectric in tl\e field, A thtck gold i>ad is plate<l over the 
p metals to act iLs a heat spreader' and ;is a botid jjafl The 
wafer is thinned and an n contact metallization is tlepositetf 
Following a high-temperature contact alloying step the wafer 



t Very briefly, AugeJ rsrombmatmn^ is e nonradjativa and ttierefDre lossy proce^ dial involves 
taiif pariicltis; either thrae elecEmns and arse hole ar threa holes and ans electron. Ths Augei 
process 15 especially irrpojiant in determming thetemperatufetjependence ol ttohoJd 
cuiren! and r^i m iorg-wavBlength senniconductof lasers such as oufs. 
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Fig, 5. Hcanuiiig eietlroii niicroscope cross section of a ndge vvave- 

guide laaer after ex|M>si in- of ruigp ro|"i wiiU [jiinitsrt'sisi. rovt-Tirig tho 
oxide iiT the field, 

is cleaved into bars for device testing. Pig. 7a Is aii SEM sec- 
tion of a completed device sliow^ing the ridge, a de\ice facet, 
and the plated golrl pad on top. Fig. 7h shows rletaiis of the 
device cross sectitjn with the active and contact ]ayers 
clearly delineated. 

Devices are first pidse tested In bar forni to get an idea of 
their operation before die-atiac:hnienl onto a heat sink. 
Devices 500 micrometers long have tyi^ical tliresholds In the 





Fig. 6. Sl'IM c-ross sectiou of a ridge waveguide Ici^erjifter remaviil of 
Uip tiiel+--i;ti1t: from tlie ridge ttjp aiui plii^rori^sifpt from I he Held. 



Fig» 7. [a) SEM section of a cuiiipleted ridge laser shcwrtg the ridge 
miii \hii plated gold, (h) SEM i^ection of a ridge laser facet delineating 

the ac^tive and criivtacr layers. 

low 20"nL\ range with excellent slope efficiency and low 
divergence angles. Fig, S sliow^s ptdsed 1^1 and I-V characrer- 
isfics, where L is light power outpttt. Fig. il shows the far- 
Held thvergence angles i>er[)endicidar [ 8 ^ ) and parallel 
O] ) to the plane of tJie device at different currents. 

Device Reliability 

A rniinber of factors go trdo ensuring the reUabiiity of our 
devices. To project device lifetimes imder operational condi- 
tions, batches of devices die-attached to a suitable heat sink 
are subjected to elevated teniiie ratines and a high bias 
current over nianv Uiousan<l hours, reriodically threshold 
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Current 1mA} 

Mgp 8^ Piilsed L-I (oplit'a] power output versus ajrrpni) and l-V 
curves lor a representative 1550-nni rirjge waveguide laser. 

currpnt, power, and diffprential quantum c^ffiriency are mea- 
suied. The change in these parajiietei^ for devices^ srressed at 
different teniperatiires can be used to extract an activation 
energy for tlie principal failure niechai^s^nr Deface lifetime 
can then be predicted for itonnal operating canditions. 

EKternal-Cavity Operation 

Completed individual devices are inonnted ou aheat sink. 
One feeet is antireflectiott coated with a broadband niulti- 
layer coating/^ Tlie quaJity of this coating delemiines the 
su[>ijrcssinn level of output power variations (from |>Hrai)itic 
reneciinns), and < 1 dB ai the highest power levels of opera- 
tion is ac^hievahie. With one of tiiese devices properly aligned 
in an external cavity (see Fig. 10) w<' can generate a wave- 
length luniitg curve at any operating rur re UL Fig. 1 1 shows 
tUe power output im a fimction of WcUelengtli ft>r a represen- 
tative tieviee tested in an external ca\ ify at an operating 
current of ~ 120 mA, 

Devices show >0 dBni outptU power (m a collimated heamj 
over the wavelength wintkiw 1405 to 11125 ntn jind put out 
> 10 dBni over a snifdler wjjttlow; 150'! to 1615 nra. A single- 
mode fiber jiioviiles the outpui r^f the insimmeni (HI* 81(^C), 
Witli a reflection stippressing isolator uichuledi these raw 
power output and timing numbers are degraded somewhah 
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Mg. 9. Fur-field divorgente angles perpendicular (0 , J ;iuii j parallel 
(B|l) lo tlie dpyice junction plane. 

Nevertheless, these new custom ridge waveguide laser chips 
still provide signifitfant increases in the tiower output ajid 
timit>g wimiow for the tiew iiisiniinenh Tlw* HP HlfiSC covem 
the range 1 ITfMo loiKt ivin with power increa.sed by H dB 
and tunuig windt^w widened by a factor of two over the HP 
8168A. Offering higher power (+2.5 dBm) in the range 1520 
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Fig. 11, Pcswer oulpiil lis. a fuiujlion r^f wavelength Ibr a represetiLa' 
tive rtdge laser m an external cavity. 

to 15G5 mil, this instrunient is expected to be veiy useful for 
saturation measurements of erhiium -doped fiber am pi i tier 
(EDFA) systems. 

Summary 

A multi-quaiitum-weil ridge waveguide laser enhanced for use 
m a giating'tmied extern al'Ca\ity source has been il eve loped. 
The device offers higher' output power and wider runahility 
in the new IIP 8168 C tunable kLser source. Tliis tunable opti- 
cal source will allow simple testing of components for wavc- 
lengtli division multiplexing (WDM) im well as comiiflete 
testing of EDF^A systems. The core techjiology will allow the 



fabrication of other custom light sources in the wavelength 
window 1200 to 1700 nm. 
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Cover 

This high-speed fiber-optic polanmeter is used in the HP 8509B polarization analyser, an instrument that 
can characterize potarization-mode dispersion problems in long fiber systems (see page 27|. Near-infrared 
light (simulated here) comes in from a single-mode optical fiber (at top). Focused by a lens, the Jightis 
split by three beam-splitter cubes and sent to four separate photodeiectors. Polarizing optics inserted in 
the separate beams, including linear polarizers and a Fresnel rhomb, make it possible to measure the 
poianzation state of the optical signal and the total optical power simultaneously. 



What*s Ahead 

In the April issue we'll have ten articles on the design of the HP 9000 Model 712 entry-level multimedia 
workstation and four more papers from the 1994 HP Design Technology Conference. There will also be 
articles on HP Distributed Smalltalk and the HP Software Solution Broker, a "virtual demo center" for 
software. 



Correction 

On page 47 of the December T994issue, the axes in Fig. 3 are mislabeied. The y-axjs label should be 
^((1)) and the x-axis label should be tu. 
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Measurement of Polarization-Mode 
Dispersion 

Polarization-mode dispersion is defined and charactefized, using Poincare 
sphere and Jones matrix concepts. Interferometric, wavelength scanning, 
and Jones matrix eigenanalysis measurement methods are described. 
Instrumentation, especially the HP 8509B lightwave polarization analyzer, 
is discussed 

by Brian L. Heffner and Paul R. Hernday 



New generations^ of high -speed undersea Tele coiiTmiiiiication 
systems and caljle T\' dlsuibmioii systems featiu'e an impor- 
taiit new playen the erbium-do|>ed fiber aniplilier, or EDFA. 
Moling quickly from labaratoiy' to mainline application, the 
EDFA will Lower tlie cosi and increase the reliability of It.ing- 
haiiJ lelecf>mnmnications and greatly incre4ise head-end 
distribution power frjr CAT\- 

bi contrast to older systems in which propagation loss was 
compensated by detecting the optical signal and reti^atismil- 
ting it at tiigher power (regeneration), the EOFA-based sys- 
tem is a coiniimons gUiss patlm^ay with ampUncation pro- 
vided at intervals hy siioil lengtJis of pumped, erhimivdoped 
Oben Tlte absen< e of pulse regeneration must lie offset by 
improvements in the dispersive characteristics of the 
pathway. 

Historically, polariziilion-inotle dispersion, or PMD is the 
third of a series of dispersive effects in optical fiber. The 
handwidlh of nuilliniotle fiber Ls limited because Uglit sepa- 
rates into spaliid modes of inaJiy different lengths. Siiigle- 
mntle tlJjprsoKfs lliai [uobleni but Ls limited by chromatic 
disj)ei>iion, in which the trmismission in tedium allows aclja- 
cent W'avelengths to travel at slightly fliffenMit speeds. PMD, 
a more subtle effect, aiises from slight physical as>^llmct^y 
in the index of ref rati ion. called turefiingciu c. bi fiber it is 
caused tiy stresses induced by llbcT nuirujlaciiire. patkaging, 
and deployiuent and is stiongly infhu'nced Ijy environment. 

Wlten chromatic dispersion is sufficiently reduced, the pulse 
distortion atKl signal fading produced by PMD can be ol>- 
served. In CAT\' systems, the r omhination of P^fT) in fiber 
and crmiponents, frequency chir|i in tlir transmitter, mid 
polarization ilrptMidenl lo.ss neai' the receiver producfsrfjm- 
positc second-order distortion. For higb-spee«K long-haul 
teiecommunicaiions, and high-channel-capachy CAT\'' sys- 
tems Ui rf^alize their potential, PMD must be uiulerstood and 
controlled. 

Polarizabon-mode dispersion is a funtiarnental property of 
single-nu>fle opticid filier anrl tomptmeiUs in which signal 
energ,> at a given wavelength is rescjlved imo two ortiiogonal 
polarisation modes of sUghtly different propagation velocity. 
The resulting difft^rence in tJrotJagation time between polar- 
i/,adon mtHles is ciilled tlie tiitteri^Mtial gnjup delay commonly 
symboiixed as Atg^ or simply At. In most optical component-s, 



tiie polarization modes correspond to piiysleal axes of the 
component iiiid the differential group delay (aiui therefore 
the PMD) is nearly independem of wavelengtli. bi fii-actit-al 
lengths of optical Ohen ililTerential group delay varies nm- 
donUy witli wavetengtli and die specification of PMT) must be 
statistically based. Long-fiber PMD is conunonly expressed as 
either the average \ alue or the mis viilue of fliffereniial group 
delay over a \\ide wavelength range, For fibers that exiiibit a 
large degree of coupling of energ^^ lietween polarization 
modes, PMD scales with the s<iuare root of fiber lengtJi and 
is often specified in picoseconds per root kilometer. 

How much PMD is too much? For modest impact, the 
histantmieous differential group delay of a telecommunica- 
tion system musi be keiJt below one tenth of a h\{ period, or 
20 i)s for a .>(il>il/s NRZ [lulse stream. 

Charaeteri^ing PMD 

PMD in many real systen^s varies over time and is best char- 
acteiizpd l)y a statistical iiicture to account for its chimging 
detmls. For the moment, however, let's consider how^ to char- 
acterise the PMD of a stabie device or system that exhibits 
no time vatiatioiL Differential group delay, the nN>st direct 
measure of i)w signab<lislorting effects of PMD, does not lell 
the wiMile story. Tlie PMD of a system is completely climac- 
terized by specifying any of llie following three quantities as 
a fiu\ction of wavelength or optical frequency: 

' A p£ur of principal states of polaiization and a flifferential 
group delay 

' A threeKlitnensional pokirizaiion dispersion vector 

' A .fones matrix (see page 28). 

tf a ptjlarized, tunable optical wave is triuisniitled through a 
device, Tlu- jjolarization at the device output will in general 
trace out <ui in tegular path on thf Poincare sphere^ (see 
page 29) tm\Uv <ipticid Yndhm frtMjuency w is tuned, as shown 
ill Fig, I. Over a small rtmgc of fn^iuency, any section of die 
irrc^gulai' path can be aj)i>roximated as an mc of a cucle on 
tlu^ surface of die sphere. The center of such a drcle. pro- 
jected to the suri'ace of the si)h4"ri', locates a principal state of 
polarization, A second, oithogonaJ principal state of polar- 
izaiion Ls k*cated diametrically opposite on die sphere. The 
princi|>al slates o\' jjolarizalicin ar*' significruit Ixecause they 
sunmuu-ize liow any ontpnl .staU' of polmizadon evolves 
witli fiequency As a function of frequency, all output slates 
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Jones Calculus 

Berween 1S41 and 1948. f^. Glark Jones published a sefies of papers discribing a 
new pQEarizgtion cafculus based upon optical fields rattier than intensities ITifs 
approach, a [though more removed from direct abservatian than previous mat hods, 
allowed c^lculat^on of interference effects and m some cases provided a simpler 
description of optjca! physics A conrtpfEtely polarized optical fseJd can be repre- 
sented bv a two^jement complex vecror. each element specsfying the magnitude 
and phase of the )c and y components of the J re Id at a pa^t^cular pofnt in space 
The effect of transmtssfon through an optical device is modefed by multiplying the 
input f ietd vector by a camplex Iwo^hy-two device matrtx to obtain an output field 
vettcr, 

The matrix represenTation of an unknown device can be found by measuring three 
output Jones vectors m response to three known stimulus polarizations Calculation 
of the matrix is simplest wto the stimuli are linear polarizations oriented at 0, 45, 
and 90' degrees (Fig IL boi any three distinct stcmult may he used. The matrEx 
calculated in this manner is related to the tme Jones matrix by a muitiplicative 
complex constant c. The magniiuda of ihis cansiant can he calculated from inten- 
saies measured with the device removed from the opiical path, hot the phase is 
relatively difficult to catculate, requiring a stable interf era metric measurement. 
Fortunately, measurements ol many chafaG!erisiics...Euch as PMD do not rectuire 
determination of this constant 
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Fif. 1. Mee^urEfnent ot The Jones marri« requires appiiraison of t^rBa known stales q! polar 
iianon Dutpuf etectric field descriptions and ratios k^ ara compjex quantities The Jones 
rtvatrix M is found to within a complex ctinsiafTt c, whose phase rBpresents the ebs^lute 
prDpagatJDft delay and is not required for PMD measurements. 



rotate al}out a tiiameter connecting the two priticipal states 
of polaiization. The rate of rotation is detemiin^^d by tlie 
differ ential group delay. 

The polarization dispersion vector Q is probably the most 
intiiiti\-ely mefiningfttl representation of PMD because it i.s 
defuied In tiie sanie real, three-diniejisional space as tiie 
Poiiicaie sphere.- This vector originates at tJie center of the 
Poiiicare sphere and j>oints trmard tlie principal state of 
polaiization about which tlie output states of polaiization 
rotate in a counterclockwise sense with increasing m. \il\. 




ia(tii} 



Pftncipa] Stat^ 
o1 PolanzaMon -^ 



Fig, 1, Relationship Ijetwenn the polarizatioii riispersion vector SI 
and the output state of polarization w on the Poincare sphere. The 
heavy line shows the patli of Ute uuipLil polariKatioti ae tlu^ (jptical 
frequency chentges. The out put pat It is approximated ovor a small 
range of frequency as a circiilar an- geti prated by rotation about Uie 
pfTlari^^tiort dispersion vector. ITie vector points in Uie direftiou of 
one pnndpal st ate of polarizationp and a second principal state of 
polarization is located cliaroetrically opposite tm ;,h^ sphere. 

the lengtli of Sl^ is rJie di^'erentral group delay. When the out- 
put state of polaiization is expressed as a three-^limensional 
vector s composed of normalized Stokes parameters^ locat- 
ing tJie state of polarization on the sjahere, the rotation 
about the i>rinci|>al states of polarizati(jn can be written as a 
cross pro<liicl relation: ds/du) = 12 x s, lit the niosl general 
case il is a function of the optical frequency ox 

In some optical components, such as isolatois and wave- 
guide niodalators, PMD original es in cr> stats or waveguides 
thiougli wliich hghi propagates with fiifferent group delays 
foi different poUn i/.at ions, .'^s the optical freipiency trans- 
nriUt^d I h rough these components Ls v;nied. Q remains fixed 
in orientation, while |0| might vaiy slightly as a result of 
chromatic dispersion in each polarization mode. Devices 
such as these, in which Q is essentially independent of cu, 
are especiall\' sinijile to describe and lo ntea.stir*'. In particu- 
lar, the differential grtiup delay is constant cjver lime imd 
can be accurately characterized as a weak function of fre- 
q^ueney. Such devices can be useful as stiindards because 
llielr characleilsUcs can be expected to remain stable from 
one time and location to the next, 

M^Klent single-rnode fibei^ achieve a ver>^ low le\^el of local 
birefringence in addhitjn ro low propagation loss, but the 
effects of small local bLrefringences along the fiber can 
accunmlate to cause significant PMD Ihrougli a fiber many 
kilometei-s long. Birefringeiu*e is a property of a dielectric 
describing the difference in U^e indexes of refraction for 
different pularizations, L*occil birefringence in a fiber can be 
cau.sed by deviations from perfect circular synmietry of the 
fiber core, or l>y asymnietrical stress in die core region omng 
to the m manufacturing process, bends ui the fiber, or tempera- 
tiire gradients. Stresses can change with temperature and 
with time as the glass and tlie sunounding cable relax, lead- 
ing to a bii'efringence along the fiber leagtli that evoKes 
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The Poincare Sphere 



Vm PmcB^ ^3h£f€ IS a ^aiiliiCdl tool in r^, tkeeHdimensionai space that allows 
canvenifntda ^i^tJons 

Mused tr/ w : c- uniquely 

U\ 
^es 
paraFP^tefs £>escrir 

considered a comb -^ 

light of intensity l|j 

The de9ffifi of pDlartiatiflfi lp/|lp + lyi cofrespoiKting to a point is ttie discance of 
that point from the ca(jfdin3^ origin, ami can vary from mn at the ongtn lunpoiar- 
ized tight) to unity at the sphere surface Icompfeiely polarized lighi) Points clc)se 
together on the sphere represefit poiarizartons that are stmilar. m the sense that 
the mterferoTnetric corrtrast between two pofanzattons is rBlsted to the distance 
between ihe corre spend fng two points on the sphere, 

Orthogonai potari^ations with zero interfefometrie contra^ are iocated diametrically 
opposite nn the sphere. As shown in Fjg, 1. finear poJartzations are located on the 

equator Circular states are lotated at the poies, with intermedtate ellipticaf states 
contmuousfy distributed heiween the eqaator and the poies. Right-hand and feft^ 
hand eHiptica^ states occupy the northern and southern hemispheres, respectively, 

Because a state of pDlari^ation is represented bv a poini a continuous evofution 
of polarization can be represented as a continuoys path on the Pom care sphere. 
For exaniple, the evolutmn of polarisation for light traveling through a waveplate 
or htrefringent crystal rs represented by a cirtolar arc about an axis drawn through 
the two points representing the ejgen modes of the medium. i£sg en modes an? 
polarizations that propagate unchanged through the medium. J A path can also 
record the polarization history of a signal for e)(ample in response to changing 
strain applied to a birefringent fiber 

The real, three-dimensional space of the Poincars sphere surface is clo.seJy linked 
to the complex, two-dimensional space of Jones vectors Isee page 29). Most 
physical ideas can be expressed in either context, the mathematical Imks between 
the two spaces having previously been estabfished for dealing with angular mo- 
mentum. The graphical Pofjicar^ descripEion allows far a more intuitive approach 
to polarization mathBmatics 



llttht Cifcitlar 



-flS Linear 




Hortzijnfa] 



Left Circular 

R§ 1. Points dfspJayed on ihe surface of the Potncarfi sphere represent the polf n^ed portion 
□f a JigMwave. Linear pofanzarions are located on the equatnr CirojJar states are located at 
the poles. w«th inteHnediale elliptJcsl states caniinuaiiSiydi^tfibu ted between the equator 
and rhe poles Righl-hand artd leh-hand elliptical statas occiipy the northern and snufhern 
bBJTiisphiarEs, respeciivfiiy Example slates are sliown ascending ihe ftorn o^ the sphere. 



ovei' liiittv This behavior leads to measurable PMD that is a 
htnc lioti of both riTqueiicy and tiiiip. so that a statisi i(?al 
pictiii'e beccHiiey Ou* iiiosl appiopriatr \iew of PMD foi' the 
systeni tk*signer 

A detailed statistical model of PMD has been developed 
from the basis of accimiulated local Ijirefringences, arifl lias 
bi^eii cxperiiite iit^il \y coidliiiied/^ - ^ 

Each of tJie x, y» mid k romponents of t,he poIarizaiir>it dis- 
persion vector for ;) Umfi IMht follows a nomial distnhntion 
Willi ^ero nieaiL As a re'snlt, llie oiieiitatiun uf £1 is iniilorjiily 
distributed, and die distiibution of the differential group 
delay At = |12[ is propoitioiial to AT^ext>(-AT%^2 ri-). This is 
often called a MiLxwell disdihiitioit l>ecanse 11 is tlie satne a^^ 
die Maxwell ilistrilmtiim of niole(^iilar s[>ee(l for a gkis in 
t hernial cquilibnum, Tlie tUstribiitioii iia.s an expected value 
<AT)of a;s/.T 

The statistical theot>' pre<lk-ts, and ^experiments roiifirin, 
that I lie differentia] group rlelay tlistilbnrion tneasured at u 
|>;ir1k'ulrir frtH|iiency over a long period of lime is idenlicul 
to dif^ thsrrilnitioji nu^asiired al one rime over a huge tmige 
of fretiiiency. This fact allows statistics representing ^Um 
hnie variations to be measured very quickly by gathering 
(lata over a wide freciueney range. As mK)tlier result of the 



statisticai model, when several long fiber sections are con- 
catenated, the ex^^ected \'a!iie of differential group delay for 
the concatenation is given by the root sum of sijuiires of the 
ex|)e€ted values for the sections, that is, 



<AT)n,ral = Ji^l^ <At)|+,.. 



As a t*onsequence, (AT>totiil gi'QWs proportionally to the 
square root of the fiber len gth, and the r*MD of a long fiber 
is specified in units of ps/;kni with rhe understanding that 
the orientatitji^ of Q is miifornily distributed. In contrast, the 
PMD of a short section of fibei' or of a fiber nianufiictiiret] 
wilh a consLstent birefringence over its length is specified in 
tmits of ps/kni because it grows proportionally to the fiber 
lengdi, and the orientatifin of Q is understt>od to be fixed 
relative to tile physical orieutation of the fiber PMD in com- 
ponents is tyjiicaUy not statistical in origin, and is siniiily 
specified in ps. 

Measuring PMD 

Two (>olariZ(ition modes are transinitted tlirough a device 
exhibiUng significant PMD. each accrordmg to its own phase 
delay and grouji tJelay. t )wing to the unequal group delays, 
projmgalion thn.>ngli such a device will change the muluaJ 
temporal coherence between tlie two polarization modes. 
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DifferenEial Deiavlps) 



Fig. 2, MeMurenient of PMD using iiiterreronieto'- ta) Interference 
fringes ai^ dt^tt>f tt ti unly wh^n i \w f iifrerontial j^roup delay between 
orLlio^ooially polarizeri iiipLU si ates Ls r onipensaterl by flie differeiv 
tial group deiay of the Dl'T (b) Measuremeiii <jf a44-km spooled 
ftbi^r. 

Likewise, the two iineqnai i>hiLSe delays lead lo a frequency 
dependenl outpiji stale uf iinUnimlion ici respDiist^ la a fLxetl 
iiipii! stare of polar Izatitni. These physieai t luinuitTisiics 
make possihle a \'arieiy of PMD measurement methods. An 
interferometric method^'-'' nieasiires tiie effect of PMf > on 
miitual coherence, and a wa\^elengtJi scaiuiing method" mea- 
sures the effect of PMD, through variations of die out put 
state of poiarizat ion, on n*ajv.smission tinongli a fixed ana- 
lyzer. A method de\'eIoiied by Hewlett-Packard cak iiJates 
the differential group delay and pnncipal states of pohuiza- 
tion as a fimction of frequency by analyzing Jones matrixes 
measured at a sequence of optical frctjuencies.^ ■"^^' Most of 
the techniques currently used to measure PMD are similar in 
principle to one of these three methods. 

A block diagram of the low-coherence interferometric 
method is shoTAii in Fig. 2a. Collimated light from a broad- 
band hght -emitting diode is polarizeti and split into two 
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Fig. 3. Measuretneni uf i'ML) yjsing uaveler^h scanning, (a) System 
block fiiiignini. (l>) Meiisuremeiil of a 4 -km st>ool ofshigle-inode 
flt>er using a white Ii;;^it sou ret? . 

mutually coherent l>eams. One mirror can be scannetl in 
position, creating a differential delay between the two or- 
thogonal polarizations, which are recotnbined and directed 
throuj^h the cieviee under lest (DIT). When photocurreni is 
measured as a function of the flifferenriaJ interferometer 
delay, coherent fringes can be ohsened only when tliis dif- 
ferential delay is compensated by the differential gi'oup 
delay of the OUT. Fig. 2b shows the envelope of the 
coherent fringes measured as a function of delay. 

The wavelength scanning method, also called the fixed 
analyzer method, is shown schematically in Fig. 3a mid can 
be assembled using equipment foimd in many optics labora- 
tories without specializeci equipment for PMD meiisurcmenL 
Polarised broadband light is directed through the DIT. PMD 
in the DtT causes the output state of polarii^atitm to trace 
out an irregular path on the Poincaie st)here whei^ measured 
as a fimction of optical fre<|uencyj as was shown m Fig. i. 

By measuring the optical powerinmsmitted through an out- 
put analyzer as a limclion of ot^ir ul fiequency (Fig. 8hJ, we 
effectively measure one dimension of the three-dimensioniil 
path on fhe sphej'e, leacilng to ripples in the spectral density 
measured by the o|>ticaI spectiiim analyzer The axerage 
differential grou[i delay over the meiismed frequency s]>an is 
proportional to the number of sjscctral density extrema 
within the span, 

Jones matrix eigenanalysis''* is based upon Jones matiixes 
measured at a sequence of optical fref|uencies using the IIP 
8509B lightwave polarLxation miidy^er and the HP 81GTA mid 
816SA tunable Uiser sources,^ ^ as shown schematically in 
Fig. 4a. At each frequency a Jones matrix T^ is measured by 
stimulating the DIT witii three accurately known states of 
t>olai1zat1on and measuring the response state of polarization 
at the Dl T output. '^ The matrix product T],^ ]T|^ ^ reveiils 
die change in the pohirization trans fonnati on caused by the 
chajige in frequency, wdiich in this case is a rotation abuut il 
The eigenvector of T}^ + ^T^ ^ yield the orientation of Q ajid 
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Fig. 4* Measurement of PMD using Jones mairix eigenaimly.His, 
(a) Sj^stE^in block fllagrani. (b) Mea^urt^nietu of a S-iaii "hIgh-PMD" 
singit^mode fiber. 

the eigenvalues p| aiid p2 of Tj, + ]T^ ^ yield the differential 
groiif^ delay through the relation: 



At ^ m = 



Arg(p|/p2) 



where Arg is the arguinent fiinetion (the argument of a com- 
plex number is its polar angle, that is, Arg ye'f* = |V). Stepping 
pairwise through tlie ?jtxiuence of matrixes Ti^, we obtain 
botii piincipai states of polarization and the differential 
group delay as a function of optical frequency (Fig. 4b). 



The ability to measure the frequeney dependence of PMD 

can be helpful in diagnosing its physical origins, but in eva- 
luating a highly mode-coupled de\ice such as a long fiber 
only xl\e average differential group delay is significant- This 
raises the questkm of how much data must be coOected be- 
fore a reliable estimate of the a\ erage differential grotip 
(Jelay (At) is obfaiined. All three of these teclmiques gather 
data over a range of frequencies, and larger frequencj- or 
wavelength spans gener'ally result in more relialiie estimates 
of <At). 

The mterferometnc iind Jones matrix methods both can give 
an indication of when sufTicient data lias been coUecied by 
comparing measured data to cim es theoretically predicted 
by the statistical model. InterferometiV' measm^es data we 
expect to be normally distributed, so the measured data is 
compared to a Gaussian cune to assess the estimate of 
(At). Fig. 5a shtjivs a good fn. Eigenanalysis measures the 
magnimde |Qi, which we espect to follow^ a Maxwell dis- 
til l.nition. Tlie curve of differential grrjup delay versus wave- 
length is first convened into a histogi-am sliowing the num- 
ber of measurements versus differential group tlelay and 
then the histogram is compared to a Maxwell curve. Fig. 5b 
shows a good fit. 

When the frequency span is not sufficient to produce a suffi- 
ciently good fit to the expected ciuve, new data can be col- 
lec ted by waiting for the pljysic^ii propeiiies of the fiber to 
change, assuming ihar the same statistical model ren^ains 
\^id. In tile laboratory^ the charac I, eristics of a spooled tlber 
are measured again after the fiber teuTperature is cdianged 
by a few^ degrees, while a deployed fiber ttinst be mcasmed 
again after several lioum have elapsed. Mtiltiide measuie- 
ments over the same I'rtHiuency span allow collection of a 
set of data that accurately predicts (At), as reflected by a 
good fit to the ex|7ected ctirve. 

Instrumentation 

Tlie IIP 8509B liglitwave polarization atialy^er, discussed on 
page 32, provides two automated metliods for measurement 
of PMD: the Jones matrix eigenanalysis and rhree-Stokes- 
parameter wavelength scanning metliods (Fig. (i). Both 
make use of the HP 81(>7/(S8A tunable laser sourcesJ^ Tlie 
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The HP 8509A/B Lightwave Polarization Analyzer 



Wfttt ttii advent of the lightwave pcfarimeteF. engineers in the fields of high-speed 
telecommunf cations, cable TV distribution, optical sensiDg, optfcal recording, and 
materials science cm characieme polarisation phenomena wfiJi the ease and graph- 
ical simpJicJlv Pf the commen oscilloscope Supplemented by an optica I source, a 
polarization state generaton and comprehensive measyremeni software, the polar- 
f meter becomes a polarization analyzer, producing comprehensive measurements 
of both optieaf signals and two-pon optical devices 

The HP 8509B lightwave polarization analyzer consists of an optical unit and a 
6B-MHZ HP Vectra PC. The mait) display window, shown m Fig. 1, conveniently 

dtfplays The polarization parameters of an optfcal signal and provides access to 
eommonly used controls. The Measurements menu provides access to a variet'y of 
integrated measurement solutions addressing polari^atton-mode dpspersion 
(PMD), polarization dependent loss, the Jones matrix, and optimization of optical 
launch into poJsnzaiion maintaining fiber. Tlie Display menu allows cusiomization 
of the display window and the System menu enahfes the user to recpn figure 
system operating parameters, optimize pertormance at a particular wavelength, 
and automatically check the functional integrity of the instrument. 



The heart of the HP B509A/B is a high-speed polan meter [see Fig 4a in the accorti- 
panying article), A passive optical assembly isee cover] divides the opticaf signal into 
four beams and passes each beam through polafization fHters to photodiode detec- 
tors. Autoranging amplifiers and 16-bit ADCs complete the circuitry A series of 
calihration coefficients are determined at manufacture and stored m UV-Pl^OM Ttie 
instrument mterpolates among these coefficients to provide operation from 1200 id 
1600 nm Parallei filtering and detection camtamed with high-speed conversron and 
computation resuit in a measure mem rate of 3000 polarization states per second. 

A second optical assembly mseris three potarizing h Iters in the optical source path 
to allow measurement of The Jones matrix. The Jones matrix eigenanalysis PMD 
measurement method is based upon Jones matrixes (see page 28] measured at a 
series of wavelengths. Polarisation dependent toss is also derived from the Jones 
matrix. In addition, the user can use external polarizers to define a physical refer- 
ence frame, anatytically removing the birefringence and poJarfzation dependent 
loss of cornponenis betwean tJie polarizer and ihe pofarimeter receiver Once 
dehned, the reference frame allows [he measurement of absolute polarization 
state at a point far from the mstroment itseEf. 
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Fig. 1 . JVIain measurement wrndow of ihe 
HP 35D3B lightwave polarizatian analyzer 
Displays of average power and degree of 
pelerine nan I OOP), abJig witti eltipiraJ and 
Pcinca^^ sphere dispiay£. Jully ch^r^cteri^e 
The pelahzarion Slate of a Hghiwave Shmjn 
on tJie sptiere are the ioci of output polanza- 
tjon staiBS of a palanzariafr maintainmg fihsr 
as the fiber <s gently stretched. Red rr-aces are 
en the hont el the sphere, blue on ihe back 
Different circles correspond id different states 
at rhfi iftpuE ef the hbsc The circles catrverge 
10 pQints when potanzed light is faunclied 
mxmiy on ihe fast or sIo^a? aKSS of rhe fiber 



wavelength scanning method determines three PMD values 
from changes in oiitpot polaiization as obsened along tiie 
three axes of the Poincare si^here. then averages these re- 
suits to i>ro\'i(ie a single \ alue of PME) that is much less de- 
pendent on launch condirion than eon\'enlional iniiilenrenta- 
tioiis of wa^^elengtli scanning, Tlie measured nomializcd 
Stokes paiameters ai'e independent of signal power ai^d iU'e 
therefore imnuine to optical signal level changes, iiUrswing a 
better measurenicnt lo be derixed from a single wa^ elcngth 
sweep. Because the wavelength scanning method does not 
require the iiuemal three-state polarizer, the method is also 
available on tjie HP B509A, 

The HP 71450A optical spectrum analyzer^^^ with Option 
002 rintenial white light source) is a powerful foundation 
fijf traditional wa\eiengtli scanning PMD measurenufUls. 



The interferometric method of PMD measurement is avail- 
able for certain appU cations via tlie HP 8504A/B precision 
reflectometer. 



Li 
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Fig. fi, HP 85(198 liglitwave 
]K)iariz:ition anah^Eer display of 
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Umffli scan nit \g method ( back- 
ground) m enhanced by analj^^iiig 
ihree responses producred by a 
single \\TaveleTi^h sweep. 
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A New Design Approach for a 
Programmable Optical Attenuator 

The new HP 8156A optical attenuator offers improved performance, low 
polarization dependent loss and polarization-mode dispersion, and 
increased versatility. It uses a birefringence-free glass filter disk and a 
high-resolution, fast-settling filter drive system. 

by Siegmar Schmidt and Halmo Fischer 



For f>ver eight years, HP prograiiimahle optical at1eniiator.s 
have offered liigli peifomiaiire for juaiiy llher-optic nieasiu'e- 
ment tasks. Now, increasing data rates in di^fai transmission 
systems and the use of analog systems for cable T\' require 
a new stiOKlard m test ^md measurement oqitijiinent. Optical 
attenuators with lii^h retun^ loss are essential for the mea- 
surement of bit error rates and noise pei'forniance in tl^iese 
systems. In addition^ the longer links made possible by the 
use of erbhim-doped fitter anipbtlers as all-optical re^ettera- 
tors incrPcLse the im|)ortance or])cirainetei"s that, nnul nrjw, 
w-here considered less relevaJit. Ty|jical examfjles iire |)olar- 
ization dependent loss, j^olaiizat ion-mode dispersion, and 
high input powxT. In production, high cost pressures require 
higii yield^> and lfirou|(hpiit, Tlie intense con ijjelitive situation 
denuinds reducerl lesl inargiiis to show Uie (meperfonnance 
of Uie devices tested, iuul ih\n re*iuires lugher-perfonuantv 
test ec|oipinent tiiat does not laididy influence the test resuJts. 

To meet these neecb, the new HP 8 156 A opHcal attenuaioi; 
Hg* 1, hjas been developed with int proved perfonnance and 
with attention to parametei^s that ha\'e !iecome more rele- 
vant than in the past. Compaied with its preciecessois, tlie 
IIP 8156A shows improved performance with respect to 
lineaiity, accurat:y, resolutiont return loss, and settling time. 
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Fig. 1- Fi (I ' J [ P '^ 1 "■ I J \ ■ I I j< ii J , 1 1 h J 1 1 lator provides improved Ujiearity 
accuracy, resolution, return loss. tUid seltliiy^ Time, lowpolarizaljoii 
dependent Idss and poiaristi^ttiun-nifjdi' disperHl^in. ajtd new features 
includiTtg a separate shutter and built-in software applications. 



Its pfdarization dependent loss. t>olarizati<in-n(f>de disper- 
sion, mid iniml t^ower level aresjjetified, and it has several 
newr features, including a sepai-ate shutler, btjill-in software 
applications, and options to tailor it to different rd)er-fjptic 
applications. The oj^tions hiclude standard-f>erforniajieef 
high-i>erformance. monitor, and high-return -loss options for 
singie-mode fibers (fiber core diameter 8 ^mj. and a muJti- 
ntode fiber option (fiber core diameter 5() ^mi). The oi>erafing 
wavelength range coveis the two liber-optic wavelengUi 
regions artamd h^ClO aiKl irjfiO nnt. 

Optical System 

t ' onune re iaily available fiber-opfic attenuators, bodi vari- 
able and fixed, use a range of teelmiques for acdiievirig o|>U- 
cal attenuation. Sonte use teciiniciues based on angular, lat- 
ei^al, or axial dis|>lacement of t^vo optical fiber ends. Otheis 
use grayscale filters or polaiizens to attenuate the light. The 
HP 815GA uses a circuhu" graysctde filter and \ anions l>iilk 
opiic components. 

As sliow^n in Fig, 2, a tli^t objt^ctive lens eollimates the light 
of Ihe inpnl fiber to a parallel beam and a second objective 
lens refoeuses il (jntoihe otilpttl fiber. A mechanical shutter, 
a circnlai' filter, a comer cul>e, and a prism arc located be- 
tw^een the tw^o lenses. The cireniar alleiiualiug filter consists 
of two disks of glass wedges glued together, oneabsorlnng 
and the other transparent The attenuation dei>ends on the 
angular position of the attenuating fdter, wdiich is set by a 
motor that is conti'olied by a tligital positioning system. 

The attenuation of the w^edged absorbing glass 11 Iter as a 
function of the imgidar position ct is: 



Att(a) = 



Attn 



-(1 - cos to, 



fl) 



w^here Att„;ax - ^^0 dB. For angles u = to a = ISO degrees 
the attenuation vaiies bet%veen titid Atl^.^^ in a strongly 
nionoronic manner No ranging effects anrl relatetl overshoot 
anti midershoot occur, tJiat is, there are ni* dark sijots. This 
is a very important feature for measuring thresholds in bit 
error rate measin*ements. 

To linearize tlie attenuation charatleristit s. each attenuator 
is individually calibrated ui production at w^avelengths of 
K300 nm antl 1550 nm. An automatic calibration program 
cltaracterizes each luiit. Tiie meastirefJ data is processed by 
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the computer mid trmisfeiTefi to an EEPR(_>M in the atterma- 
tor, ^Viiy eiToi-s caused by manufacturing lolcrances of the 
attenuating filler are calibraiet] ou!. hi addition, Ihe wave- 
[engtli characteristics of the filler are stored in the EEf'HOM 
Tiiis liermils the niicropnicessor to ealculate eorrectioii 
fartors for eaf;h conibination of waveU^ngth mid attenuation. 
Fig. 3 shows Uie attenuation linemity of the HP S13GA o\'er 
mi m"bitrmily selected l-dB range. 

To lire vent l>eani steeling effects, which cause unwanted 
loss c haiiges, ii doubJe-t^ass design was t*bosen. The reason 
for the beani steering Ls that the Ulter disk is slightly wedge- 
shaped. This small wedge of 0.0 "i degree is necesstuy to pre- 
vent a resonant ca\ity in the tTlter which t ouki cause un- 
wanted attenuation clranges when coherent laser light is 
uned. Sendiug the optical l>eam twice through the wedged 
filtej; once in the forward direction mrfl once ui the reverse 
dirtH'tionj cancels tlie beani deviatit^n to zero. 

Polarizatioti rleiaencleni loss effeds are strongly redncecl by 
using a glass ahsorbing filter instead f^f a filler with uietfdiic 
attenuating coating. Tlie birelVingeucc r)r uielallic i oatings 
causes tiolmization dependent cfnijding loss in a Ol>er-to- 
fiber coupling of an attenuator. Glass filters exhibit no 
birefringence. 

Performance 

Typically, die polaiizalion depentleni loss (PDL) of the HP 
81BI1A is on the order of 0.02 dB jjeak to pe^ik, mid tht* 
worst -case iKilm'ization dependent loss specification is 0.08 
dB peak lo peak (Option 101). Tlie resivhial polarizalitm de- 
pendent loss of die HP 8 1 56 A is independent of the filter 
position, h is caused by a very weak residual birt^fringence 
of all of the optical elernentii such as the lenses and tiu^ 
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prisms. Fig, 1 shows ttie pohurization deijendent loss as a 
functicin of randomly changing input i.^olarization states. 

The IIP S156A has a low polmization-niode dispersion 
(PMD) t)f less than 4 fs. which also results from the weak 
birefiingejK e of the oi>tical components. Tlie mtiin contiibu- 
tions lo the PMl) come from tiie total reflect tons In the 
l>rism and the corner cube, wiiich cairse different phase 
shifts for the horiz<^mtal mid \eitical polarizatifm v^*^crors. 

As a result of tiie design and the tow polarization dependent 
Ifjssof the HP BlriOA, the altenuatioti is typically acctnate 
w idiiu i)i)5 dB, and die w(jrst'case inaccuracy is (KlO dB 
(Option 101). Fig. 5 show^s the measured difference between 
die actual attenuation mid the ]irogrmimied atlenuation over 
the entire attentialion range from lo 00 tlB. 

The return loss of the optical block of die attenuator is 
t>l^ically more than 70 flB. All optical surfaces are^ coated 
with aniireneclioji coating, Tlhsheli>s reduce insi^rtion loss 
atul increase retuni loss. Tlie opl.icai smfaces are tiked h) 
reduce the residual backrefiectityns to less than 10 "^^ The 
connectors at the ojirical I dock are angletl and are also 
autireflectioii-coated , 

Fii(. sirows ihe s|)atially n'solve^d reluni loss (d'llu" o|i(o- 
hlock nf (lie 111* Hir>(JA vvilhoul du- hoaii>aoel iu|>ui and 
onlpul connectors, as nieasured by the TIP 8H^>t)4 A precision 
reflectomeler. The main c*ontribution to the n*turn k jss 
coined ij'ont the input mul out|ait connectors at the front 
Ijanel of the llPBl^GA. In the Otition 101 versioji, straight 
contact coniu^clors provlile 40 dB fif retmn loss. In the Ojf 
tion 201 version, angled contact coiuieclors are used and a 
retunt loss of more than (10 dB is achieve^l M|>titm 201 is the 
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best choice for retum-Ioss-seiLsitive noise measuiements in 
cable TV applications or for bit error vBie measurements in 
High-speed cligitaJ systems, 

A separate mechtUiiciil shutter is used to inieniii>t the optical 
heain to disable tiie t>|jticaJ tHirinil. The shutter lias mi at ten- 
uatioii (if niore thaji 100 dB aiid works witbout rfiaiigijig (he 
setting of ilie attenuating filler disk. Tlie sbuTTer tjroteris 
power-sensitive de\ires under test from dangerous power 
levels. 

The HP 8156A can be used as a calibrated and ijrogram- 
enable backreflector to check the increase iji bit error rate 
or noise performance of high-spc*ed systems as a function of 
backreneclion level. In tlvis case I lie l>uil(-in ba<;krenect<n' 
mode t an be used iu combination with an external HP 
810(K)BR backretlector coiineeted to the outi)ut ronjieclor 
ofdieHP8l56A. 

'Hie HP S156A enables the user to atteiiuate any optical signal 
up 1(5 60 <1R and up to jjower le\ els of +2:^ dBm in precise 
steps. A resolution of O.OfH dB with a tyi^ical repeatability 
better tlian 0,005 cLB is aclueved. Fig. 7 sliows die attenuatiou 
repeatability' over the entire attenuation range ofOO dB, This 
repeat abihty requires a precise llUerposidoning system, 
which is described in die following section. 
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Filter Positioning System 

For each ciptka! atteniiaiioii setting, the ftlieriKisitionirig 
system of the HP 8i5bA o|>tJcai attenuator restates the c ircular 
filter to a corresponding angular position. The superior per- 
formaJice required of tin* HPH15fiA in cntical measurement 
at>plicalion.s leads to ejiluuu ed reqtiiremenls for the Oher 
drive regarding resolution, ovemhoot, and settling tinie» 

Attentialion resohition is directly relaled \u the angidiy reso- 
lution of the positioning system, Tlie ajigular resohition re- 
quirenienrs for this system can be directly determined from 
the fiher characteristjc descrilied by equal ioti h The goal of 
tXOl dB attenuation resoliiiioii fir a iiiaxin mtu resohition 
uncertainty of 0,005 dB results in an migular resolution of 
0.009 degree, or about 40,00{} data iioints per revoiution of 
the tiher disk. 

Kor some applicatioaSt like bit en'or rate measiiremeniSj 
overshoot and spikes when cbansirtg attenuation settings 
are veiy disturliing. An overshoot ofii;^ dB is the uptier lol- 
enytce hmit for lh€\se a]ij}lications. IVansformed onlo the 
circular wedge filter driven Ivy a i>ositionitig systetu with an 
angulaj- resolutiotx of 0.01)0 degree, t his results m a maxi- 
nuun overshoot of api:jroxiniately 0.5% for an angular step of 
180 degrees. 

Optical attenuators are manily used for device chaiiit teriza- 
tion in iinKluction aieas, es|iecially ui automatic test systems, 
High liu ougliput and yi(*ld me vei^^ important issues. SetrUng 
timt^s between different attenuation setthigs have to be 
minhnab so a high-spc^ed drive is obligatoiy. 

Taken logetJiei\ freedom fr<jm overshoot mid fast settling 
mean a j>ositioning syslcMU that has a strong aperiodic* ste}) 
response. To pru\ide full i>erfonnance under the conditions 
of environnieutal stress occutTing in production and test 
aieas. the posiiioning system also has to be highly insensitive 
to extenial vibration noise. 

Filter Drive System 

In the HP Sl5(iA a (hrect -drive system is used, A motor- 
encoder assembly is directly attaclied to the fiber siudt, 
Tins system has the adv mitages of compactness, rugged- 
ixess, mid high spewed compmed v^irh geared systenLs. There 
are no t>acklash enors and sensitivity to environmental 
changes is lower. 
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Fig. ii. S|>atJal]\ resoh-ed retmn loss of the HP SI 55 A optical 
aitemiator measured by the HP S5t)4A precision reflectometer. 



Fig. 7, Attenuaiinn repeatability of the HP HId^A optical aitenua- 
l(jr. The y asds indicates thp variation in altf rbiiatirm ov^er ten 
nieasuremeius. 
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Fig. 8. Digital mo! or ronLrftJer of the HP 8156A. 



I'he motor is a bnishlcss two-phast* dc motor. Bmshless 
TODEors combine the advantages of ruggedness, longer life- 
time, at id IvHs frit 11 on, wiiich is imparl ant in tlie control of 
high 4TSO 1 1 1 i i r>ii .s> st ems. 

Tlie ftrive ciUTents for the two stator windings are generated 
by i>iilse v\U\ih mndulatirm of a l^V dc supply voltage. The 
pulse mdih modulation is done by two integrated full-bridge 
driver eirciiits. Tlie MOSFET switches of these ICs have 
ver>' short tuni-on and turn-off times, allowing liigli ]uilse 
resolution, ajid they have ver\' low on-resisttUire. wliicii 
ininitTiizes ])ower dissipation. The pulse fretjuency is 25 kflz. 
so (he at^ouslic noise eausetl by magnet oslrietive effects in 
the motor is ai)ove the range of human hearing. 

The encoder is an optical incremental rotary enc*oder with 
sine wave outputs. Its rolating disk has 1024 lines trnd is 
directly attached to the motor shafl. The nuun on (puts, A 
and B* are iti a fiuathatiire relationslii]} mid their signal 
shape is veiy close to sinusoidal. A tivird utitput signal, I, 
jjrovides an index pulse once per revolution for determining 
absolute position. 

Tlte ^cro crossings at the main cnnpuls A and B iux* niulti- 
p\lvi\ Ivy four l)y a qaadtattue decoder circuit. The (iecdtier 
output tiicrerneiit.s or decrements a com-se position counter. 
Both tasks are perf'anned by a speciEil decoder/counter IC 
The res<,?hitJon is further increaseci by an inten>olation pro- 
cedure that uses the shmsoidal shape of the main output 
sigUiils.^ Tliese stgmils are fed directly into a muliiclianncl 
H-bit AI>C, and the sui>sequent processing of the two digit izetl 
sinusoidal signals is done by a digital signal processor, llie 
quotient of these signals is the timgent of the ioteq>olaicd 
Iractional position between tlie sine and cosine zero crrjss- 
ings. The Olter rotation angle cmt be fcjund by tal)Ie look-U(>, 
usitig an arctangent table. Tiieoretically, with the eight i>its 
of resolution in the EUialog- to-digital conversion jirocess. an 
inieipolatioti ratio of 25ii:l can lie achieved, but anipiitude 
and phiise disiortion r>f \\\v v^nvink^r <iutpuls am! nonUncan- 
lies ol' the converter liinit the interiiolation ratio to i>t 1. Tiiis 
gives a total position resokition of 1024 k 4 x 64 = 262,144 
counts per revolution. 



Tlie serv'o loop is closed Ijy a digital signal processor (DSP), 
a TMS:320P14. Tliis Ifvbit signal processor has on-chip RAM 
and EPROM. It is able to work as a staj^dah>nf shigle-c^liip 
controller With its three high-resolution timers imd a special 
event manager with six pulse width omputs it is ideally 
suited for servo control applications. The puLse widtJi oui- 
puis feed tlie full-bridge drivers directly. Tliey provide pulse 
wifiih reHolmion down to 4t) ns- Tliis is innjortmit for achiev- 
ing high-ijuality conlroi because it enables the controller to 
measure its control effon very precisely. The DSP gets the 
position feedback hom the decoder/counter IC and frotn thi* 
multichannel ADC over an external 8-bit-wide data bus. 
position set values an(i all commands are given to the DSP 
by the main instrument microprocessor CommunicatJrnt 
between the two processoi^ takes place via an 8-bit-wide 
bidirectional interface. 

Fig* S shows the block diagram of the filter ])osi1 ionii^g 
Ky.siem, 

Con trailer 

To mf^et the demancling requirements of the drive, digital 
control is implemented, umng Jut advanced control algoritlmt. 

Th(^ fii"Ht two considerations fni' thi- design of the c^tJitt roller 
iue the control algorithm and the miruerical lasige in which 
calculations take t*lace. All digital conlroi aigoriihnis require 
one fir more multiplications, and long execution times for a 
control step cause additional phase shift, in the open control 
loop- Tlierefore. a conlnjl processor i-dth a built-in multi- 
plier is necessarj^ to provide fast execution of the control 
algorithm. 

The numeric al ranges of tlie control viuiables mid toeffirients 
determhie the required width of the internal processor data 
bus. Each filter position Ls described by a 22-bit number, com- 
posed of ICi bits di^livered by the decoder/counter IC" and 6 
liits sutjphcd by thc^ intcrjxjiiition t>rocess. For one revolution^ 
IH bits are sufficient. For an adetiuale control filh r function, 
the filter coefficients of the control algorithm must be repre- 
sented iisat least 12-bit mmibem. Theretbre, at each contrul 
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step several 18-bit-by-i2-hif nvulri]>iicatians have to be per- 
foniicfl. Musi ottlie hjwrost j^rori H.sorw offer only B-bit-by- 
S'bil or Ifi-lni'by'lB-Ini imilli|iii( afitjnsiii one instnictian 
cycle. In our case, I his means that it lakes more Ihan cjne 
msmictiaii cyt-h^ for a Tnii!riplicaiif>n. This means Ioniser 
execution time, esperially for ativanceti lliUi afiisonlimis. 

To o\crcojne tltis ]jrrjl>lein tlie position eiTor is divided into 
two number rariges: a coai'^e nuige ihal covers ilic uiiper 14 
liils of thi' 111 hi IS delivered by tlie detotU^rAounter H. inui a 
fine range iiiciudiiig \he S remaining hits (2 from the decoder/ 
coiuiter IC* mid from the mter|ioIatioii process), Tliis allows 
fasL simple execution of tlie control ^ilj^oiilhm in each rajige. 
Because of liie nearly apedtHiir ^^feii resp<Hi^e of the wfiole 
system, a trajisilion tietweeu the coai-se and fine uun^ber 
ranges occurs only once during a position stei> movemc^itt^t 
At this transition all control vaiiLililes have to lie rt^scaled Irv 
sim)jk' shift operations. All calculatitnis me |>erf'oraaHl in 
10-bit iLxcd-poinl iiiithmetic with operands m twos complex 
ment repr ese ntat i on. 

The control litter functiort is iinjjleniented tjy a classical PID 
(proportional integnd dift'erendal) algorithm enliaiK-etl with 
some spec- lid features. Tlie integrator is switeiiahle hy soft- 
ware iuid \^{U'ks only when needetL Tliis is a posiiion seivo, 
so the inte)^rat<u is not usihI when llu' actual velotnty nuigni- 
lucie is above a speeilled threstioiti. lliis techniqut^ stronj|ty 
decreases overshooi because the integiuted en*or signal 
doesn'i accunrnlale over the duration of n move. The 
integrator oiuput Is timited ity preveni vv iiidnp eltVfis.tt 

The differentiator inpul is not du- t'rroj signul \n\\ Wn' aetnal 
position signal, so nny alau]>| ch<ii!gt^ irt the target position 
signal is not differentiated. The staliility of the systejn is not 
affected because tfie overall open-loop transfer function 
remains the smne. Because of the high controller samphng 
rate, tlie ditlerenliator input signal is decimatt^l. 

The PID coeftlcients can he switched on the ily depending 
on the error signal magnilude. Tliis is necessaiy l>eiaiist' the 
(.iitfei ence betwt^en ytalic and moving friction changes the 
loo[) l>ehavior when tite system begins to move.' The angulm* 
resolution is so fme Uiat the difference between Ur^ stalii' 
tUici tlu^ dyniuiiic cases becomes appment. A special set of 
coefficients is st*t m the hold mode to increase robustness 
against external noise. 

The controller function, wliich incluiles position inlt'n>ola- 
tion, error ranging, PID filteiing, outiiot limituig, motor coni- 
nujtation, and pulse width modulation (iutpiit, is unpleniented 
in the l)SR tdong witJi some sjjeeial tVnitiues. Mer executing 
the control ioulijie, the DSI* thet ks d\e slate of setllingtmd 
determines rhe oven^hoot aiut sealing lime. 

In spite of the many tasks required for eveiy contjol step, 
the execution time for one control step is a very short 150 
lis. Tlierefore. a control rate of 4 kHz is possible. The le- 
maining free time of the DSP is used for comnuinit:aiion 
with the host processor. 

! Meafly apenodc fDaans thai the step Tc^panse fs generatfv roDJiotonid There is a smalf wer- 
shoot, but it daes not cause a change m the uppar 14 btts snrf therefore does nai catiae a 
tiamitfDn ml of Itie fine number rai'tge 

tt Wind up atfecis would occur if the miaqtsiGt output tiecame greater ittan the controller 
output, which 15 limiiaJ by the pul^e p&iicjii Ih^ result would be large amotinls- of overs^ioot, 
wtiich is referred to as windup in raiating systems 
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Fig* S, IVpiral stop responso of tlie HI* KlotjA llltor posstionjiij^ 
!;yi^lpin fitr variants stpp sizes. 

VVell-selectecl PID fiher coefficients are critical for the stahil- 
ity and step res|)nnse of the serxo h>op, T<i see ttve step re- 
sTJons(^ tlirc^rtls; ttte system heha\'i()r was otjsene^.l in the time 
(ionuiin, using a siiecial sampling soft waje locjl rUneluperl lV)r 
this puipose. A command Irom the host processor causes 
the DSP to send the valuables describing the loop beha%ior, 
such iiS actual (josition ;mt\ control effort, after each control 
step. The main instrumeni processor si ores ihis data in a 
designated memory area. After the sampling imKvtlure is 
complete, the stored data emi be read hy an extenial com- 
puter Tile loop beha\1or is not influenced by Axis saniphng. 
Losing this Ir^il PID coefncieuts were fomid that provide a 
siahif ^ind shraig atjeiindic ste]^ rt'sj>onse for either operuling 
mcHie, ensuring that rhe svsietn wcjrks %vell under all specified 
envuomnental conditions. Fig. 9 shows sfmie tyjiical step 
responses with different step heights. 
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Conclusion 

Digiia] sigriiLi processors Iiave been applied more and more 
in industiliti nioiion coiUrol applications. Appl>1iig xlwsv 
processors togefher with a sophisticated control algoritlmi 
in an optical attemtaifir (>rodiiceii a system that pro\1des 
overshoot -free. fa.st. and aLViirate posiliojting of the filter 
disk, even under noisy enviroiimerital conditions* 
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Precision Reflectometer with 
Spurious-Free Enhanced Sensitivity 

The HP 8504B precision refiectometer has an improved sensitivity of 
-80 dB at both 1300-nm and 1550-nm wavelengths. All spurious responses 
generated within the instrument itself have been significantly reduced. 
The instrument offers fiber-optic component designers and manufacturers 
the ability to pinpoint both large and small optical reflectances. 

by Da\id M* Braiiii, Deniiis J. Derickson, Luis M, Fernandez, and Greg D. LeChemiiiant 



A pn^cision reflectometer Ls aii effeclive tool for measuriji^ 
fht^ levels aiui localionH (jf Dptk-al refltH'tions in cjptH-al filx^r 
systemsJ^ Tlie HP 8504B pret-ision reflK'lojncter (Fig, 1 ) 
asi^sati ojjtieaJ low-rt>lu4'pntT reriprlr>in<-to- rechiiiqiK^ em- 
ploying a MIchelson intprferonif^ttT wiih n low-fohertmce, 
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Fig. L Tht' nr 85<i4B f>recision tt^floftoimMpr has enhatvff^tl -SO-rlB 
fif'iisitivlty uirh rdl siJiiiinus responses sigiiinranUy iwUiced to grealer 



broaciljatui optical source to make spatially resolved niea- 
suren^ents of optical reflections. Qne arm of the Miclielson 
iiiU'ifercjmeter (onfajns a translating mirror and in tlie father 
inierleroinet.er arm die tlfvire nnder fest (l)l^T) is f)la<'e(J. 
When Uti' optic^a] path Ivn^di lo the mirrnr ecjuals ihc i)])lifal 
pad I lengUi rn a reflecting surlace in die I H T die reOeered 
signals add coherently, pro^1ding a ealibratecl refleetance 
response in the measurement trace. Measurements of re- 
netting surfaces v^ithin DUTs ran be niade in hundreds of 
niilliseconcls twer distance's as small as 1 mm or in tens of 
?set't*n{ts over distances as wide as 400 nun, witii a two-e\'eni 
si>at,ial resolution of 25 um at 1300 imi and 50 ^i at 155fl nrn. 

Tlie IIP 8504B jjiecision retlectonieter is an advancement of 
the HP 8504A, f>ffering an in i]i roved sensitivitv sjiecincatinn 
r>f-8d dB at Ik^Ui l:i00-nm iunl 1550-nm \vu\ elengths. \\ iUi 
nil spurious responses reduted to greaU-Ttlian (i5 dB lielow 
the largest reOeetion. (A s[junt>us response is a displayed 
signal that is generated within the instnunent and not by the 
1)1 'Tj Measm'ements of DIT reflections can now^ be made 
accurately across the entire measurement range witltoui the 
iwed for interjirt^tation of the nieasurement to eliminate 
jnstnnnenl spiuious responses. 

A typical measurement application Ibr a f)rcH"lsi{jn reflec- 
tometer is the analysis of low optical retiini loss in optical 
components atid assenibJies. f >|>tica] rt^ruin loss is defined 



r^'liniiii-v' WiWi Hfvvlrii-P;irkarti Mmn 



3J) 



)Gopr. 1949-1998 Hewlett-Packard Go. 



as tile ratio of the mcideni optical power to the reflect eci 
oplJaLl power in units of dB. Optical ^isseniblips often tiave 
nian^' iiileniaJ reflections, all of wliich contiibute to tlie total 
retum Iojss. Precision reflet*tometer measurenieTits identify 
which fihysic^al optical interfaces mtfiin the cnmponent aj-e 
Ctiiising th(^ greatest optical refl(*< lions aiul lliert fore are 
limiting die return loss, AnotJier nic^asureineui application 
uses the lime delay measurement capability uf the reflec- 
tonieter to make accurate measurementi> of the positions or 
thirki\esses of elements wifJiiji packaged fiber pigtailed 
coiupoiient.s, (lie diffc^rentiai time delay through l>irefritigenl 
material, and the group index/^ 

Reflectotneter Design 

'n^e key U> tlie improved perfonnance of the IIP B504B is a 
low-col lerence source optimized for precision i e fie cto meter 
measurements. HP has developed a family of powerfid edge- 
emitting li^ht-eniitling diode (EELED) stRirces specifically 
designed to iiuprnve instrument sensitivity while simulta- 
neously reducing spurious responses, Sensilivily is deter- 
niiiied in latge part l>y the soutce (jptical power level The 
output power from the EELED was improved by the use of a 
long gain regioiL In standard EELEDs, high tHittnii jjower is 
often accomp allied l>y large internal reflections dial cause 
spurious responses in measurements. By cai'eful control of 
these inteniai reflections, high output power and low spuri- 
ous responses were achieved simultitneoiLsly. The aiticle on 
l>age 4'^ pro\i<les a detailed description of I he diode source 
and of iinw the power was increased aiul the internal 
reSections reduced. 

Since all HP 851)4 B spurious responses were reduced, the 
need tijr the normal-sensiti\ity mode of the UP 8504A was 
eliminated. Tlie instmment finnware was rewritten for one 
standm-d high-sensifjvity mode, making the insinmKMU eas- 
ier to use iuxd reducing f^icloiy (^alihraiion time and cost. 
This one mode of operation allows t he simultaneous mea- 
surement of both large and small t^omponent reflections. 
Factorj^ cost was an importmil ccjnsideration tJirongliout tJie 
inslninient redt^sigii, resulting in a reduced nuuiufacturing 
(x)sl antl a lower list price. All other impoilant features t^f 
tlie HP S504A have been retamed in the HP 85D4B. 

Optical llljer coimuunication systems continue to demand 
lower reflect i(jn levels. The improved performance of the 
HP8504B addj esses these increasing denunKts. Tlie remain- 
der of this article present-s three uieasuremenf examples 
t liat i 1 1 nst rat e di f f e ren t app 1 icat i on s o f t h e re fleet ometen 

Optical Connector Endface Character izat ion 

I'ndesired lefleclions causc^d by contaminaliun on comieclor 
endfaces aje a serious coiiceni for optical flber systems. 
Contamuiation can decrease comtector return loss and 
damage the endface. 

Quantitative evaluaiion of endface cleaiilmess has been a 
difficidt task. Visual inspection, smface interferometr>. mid 
surface jirofdometrj' are miable to gr\e qu<mlitaii\e inea- 
sinemeuls of the smaU jiaiticles or films on ( onnecror en^h 
faces. Because of its high sensitivity, tlie HP S504B precision 
reflectometer can measure the small reflections caused by 
contaminants. 

A setup for metLsining endface cleanliness is sho'i^Ti m Fig. 2. 
Tlie small reflections caiused by contamiiiiuits were measured 



using a source wavelength of 1550 nm. The DLTTs were cus- 
tom ST connectors with endfaces polished to im 8^ angle. 
\\^en cleaned properly, these components can pro\1de an 
optical retum loss between 60 and 70 dB. .-Although tliere aie 
multiple reflection sites in the test setup, the HP 8504B was 
set to examine only the ctmnector endface of interest. Tlie 
ability to disiinguisii hetwc^en tlte reflection from die angled 
connector and the reflections from the other connectors 
and the ability to measure the reflection from the angled 
connector %'ery accurately made the HP 85()4B an excellent 
choice for this measurement application. 

This measurement techiiitjue was used to measm^e the effec- 
tiveness of various cleaning processes on oin mamd'acturing 
line. An optical test system begim produchig inconsistent 
results t hat seemed to be related to changes in the swab 
material used \n die cleatiing procedure. .\n evaluation was 
conducted examining the three materials commonly used in 
cleaning cotmeciors: "^lint-free" cotton, polyurethane foam, 
and polyester Approximately twenty connectors were 
clemmed witii pro[.)anol, rubbed with "lint-free" cotton swabs, 
and blown dr>^ with filtered dry^ compressed nitrogen. Then 
the optical relurn loss was measured with the HP 8504B. 
The same gTO\\\y of connectors was cleaned again, this tune 
LLshig |>ol.\air ethane foam swabs. The retmii loss w^as ttien 
measured agaiu. This proc(^<hiie gave a jjerfomiance com- 
paiison between '^lint-free" cotton swabs and polyurethane 
foam sw^abs. This process was repeated with a dd'ferent 
batch of cables, using the cotton and polyester swabs. The 
measuremem results aj*e showTi in Fig. 3. 

Tlie contamination clearly increased with the pol>T.ir ethane 
foam swabs tts indicated by a decretise m optical return loss. 
The a\ erage i etiuii loss degratied from o^lo dB when cleaned 
with cotton swabs to 50.7 dB when cleanetl with |iolyure- 
thane foam swabs. The variability of cleatiliness, measured 
liy the standard de\iat1on < if the reflection, also worsened 
draniaJicLilly lrr>m L7 dfi when cleaned with the cotton swabs 
tcj 8.0 ciB with ptilyiuethane foam swabs. Visual examuiation 
under a microscope indicated some e\idence that pol^nire- 
thane foam swabs may have left a film on the connector 
endfaces, 

Tiie polyester swabs performed much better. Here the aver- 
age retiuii loss for the coimet toi's cleanetl v^itii cotton swabs 
was 60.3 dB and actually imi>roved slighdy to 61.7 dB with 




Ctjntiecior 

E Fid face 

Uflder test 



Fig, Z- Block cHagram of a test setup for measurenient of optical ccm- 
iiector eadface coritaniinatlori. The system consists of an HP 85()4B 
operaiiiig ai 1S50 lun ^ailIl a single-niude fiber canned ed m the test 
port. The siiigle-ninde fiber m lenrdiuUerl uith an ST t'onnetli>r That 
lias been polished at an 8° beveL 
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Fig. 3. t *piif fil rr^Turn lt).s;s moasurt^inf^ru n\siilt.s pn^s(it!i>d iis avi*rrjj2se 
rcIl^M tivity tmd rnri^e (Ha) values for ctlrjaniiig prfict'diirps t^omparliiM 
(a) cot.lqn iswabs uilh polyuroUiOJiP foairi swabs anri fb) roMori 
swjibfi MriTli polyester SUM hs. 

polyest<:r swabs. The sUmdanl doviation for c-leaiimg with 
cotloii swabs was 3X) dB but spread slij^htly to 3,9 dB with 
l>olyesler swabs. 

lliis test shows (hai there can he quite a vanatitnt in clean- 
liness just because of ehanges in the swab material I 'sing 
the IIP 85U1B, the iiieasuiement problems w^ere hiiked to 
the use of polyiiretJiajie foam swabs. A swif ch to cotton 
swabs ehminated th est* problems. 

Tills measurement technique can al&o measure coonector 
<ij)tical remni lo.ss repeatability. As iiiajiufarturery improve 
I be design f>f ai\gled comieclors. increasing I he optical re- 
turn loss, the HP 8r?04B can be used to measure their retuni 
loss lip loSOciB. 

Optical Isolator Characterization 

liigh-perfiinnaiif e optiral isolators tue used lo j^rotiHt 
sources from reflectefi light by transmitting light in one di- 
rcctiort ^iiid translating Itghl away from the return opiieal 
path in die jcvei^e direction.^ Larue levels of renected light 
can caust^ hiiewidtti and power ouljnil variations in distriV)- 
iited feedbacif lasers ' and in Fabry-Perot lasers. In addition 
[fi attemtating light ftYnn any downstream reflet lions the 
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Ftg. 4. .\ reflect orneier metis Lireiueii! of an isolator eornporient. 
Both large and sniall reflections ean he nK^asun*d with no snuriou.s 
re-sponses. Knotting the placeiiiem of the components within the 
isulalor, the largeitl reflectiDii is deteniiined lo be from the angled 
ST e^jnnecl'.or. A double refleetiori from die front face of theseeond 
rut lie is obsen'ed because the first r utile is birefringenn 

isolator itself must not cause rcflecliions, or in other words, 
it must have high optical rctimi loss. A precision rellcctome- 
ter with high sensitivity is ideal for identifymg which optical 
intci1"iice liniitii the optical return loss within the isolator. 

Fig. 4 shows a measurement of an optical isolator. For this 
miit die highest Un^l of reflected light occurs at tlie angled 
fiher tip with Ihc next largt si refleetinn oet umng at the 
from face of the second rulile [Tin;ij, With this infnnnatitiu 
the designers can correctly ft>cus their energ>^ on tbt^ OIht as 
the subcomponent with the greatest potential fcir iintnoving 
the optical return loss of the isolaior, Tfic hngc^ sensitivity 
and high spatial resolution oft lie HP S"04]i enable the de- 
signer or t>rotiu( I itni hue !<► nieasure and id en lily these Iciw 
retlections of the hiternal isolate jr coniponeins. 

Polariza lion -Mode Dispersion Measurement 

rolarii^at it in-iticKle dispersion (PMD) is a result orbirefrin- 
gcnce in both oiitieal tlbers and comtxaienls. Fi>r an in-ilepth 
article on FMD see page 27. 

Polarization-mofJe dispersion of hghtw^ave components can 
be measured with a MicheLson interferometer insiniment 
sucii as tlu^ IIP 85fl IB. T*"ig. tl shows a block diagrau^ of rhe 
measurenient system. Placing the DtlT in tJie reflectometer 
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Fig, 5, Ti'Kt setup aKoil lor au^asaring pobrizaljiui-jiiodc dispersion^ 
Tlie fieviee uiider le.st t.s placed in the soiirt!Pimn of tlie HP 85(146, 
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Fiu, 6. Measured ])kjt <jf a tiiiefrin^ent isolaior Thn?p characteristic 
re{l^ct.kiiii> are obyei-vptl givTJijj H polarizjitlon-fiif ule dispt^rsiDn nwA- 
surenieni rif I.2fJ9 ps. 

soiirct^ aim allows partially po la li zed lij^ht from the HP 
8504B EELED sourre to Iravt4 ua b(j(h lln^ ylnw and fasl 
polarization axi^s of a liirefdngem device. The liglit on the 
slow pokirization axis Is delayed l>y ai\ aauaint At rt*laUve U> 
the liglit on the fast axis. The HP 850tB produces a pair of 
responses when the aioving niin or is (positioned such thai 
the optical palh lengtti of ii.s arni iy Tij-st longer and Hien 
shoitertlian the [ixed-ieuglh ijvterferonieler iuni by an 
anioiuit corresponding to At. A resin jnse also occurs when 
the position of the moving mirror is such that the interfer- 
ometer anns iure of equal optical length, regardless nf the 
PMD of the de\ice. 

Device PMD caii be deterntinefl by con0guring the HP 85040 
horizcmtal axis m y time format and using the markers to 
itieasure the time difference between a s>itmietrieal pair of 
DUT responses. Measiinng between the pair of DUT re- 
sponses corrects for ihv fact thai as a reflection measure- 
ment instrument, the HP 85EI4B presents distance or time- 
of-flight measurement results in a "oiie-way" fonnat^ llie 
niininiimi detectable dispersion is directly i)roi)oi1ional la 
the HP 8504B s spatial tw(j-event resolution and is 160 
femtosecontis at 1300 nm ^mcl as low as 320 femtoseconds 
at 1550 nm. 

This measiirettieiit technique lends itself very well lo hulk 
optic devices such as isolators. Fig. fi shows the nieastire- 
meni response at 1300 nm of an isolator]) laced in tlie st>urce 
ami of the HP 8504 B. The PMD value of the isolator is 
L209 ps. 



The EELED source of the HP 85f)4B has a spectral widtli 
approaching 60 nm wliii !i meiuis tfuti the me£Lstir(*d PMD is 
a composite over the ijatulwidlli of the EELED. It there is 
significaJit mode coupling in the DOT, as can occur in single- 
mode fiber, the differential gnittp delay f typically tised to 
describe PMD at a sijiglc waveleuglh) can vai';V' significantly 
JUS a fimction of waveiength. Tlie HP 8504B meusureiuent 
technique for such a Dl T will not yield discrete interferom- 
eter responses. Jones matrix eigenanalysis ant I wavelength 
scantiiitg nietiuxK i)oth available in the HP 85011VB polar- 
jzati(jn aitalyzer-s, are iireteneti rorcharactermtig single- 
motle fiber. For more oti nieasmlng PMD In snigle-mode 
tlber see tjte article on page 27. 

Coiielusion 

.^\n oi>tical low-colK'reuce rellectometer witli large sensitivity, 
high spatial resolution, and an msignUlcant level of s-puiiotTs 
ri^spon.ses is an effective tool for many measuretntnti appli- 
cations, 'the HP 8504B offers this measureuient c apability in 
a calibratetl, easy-to-use instntmenL 
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High-Power, Low-Internal-Reflection, 
Edge Emitting Light-Emitting Diodes 

A new edge emitting LED has been developed for applications in optical 
low-coherence reftectometry. It offers improved sensitivity without 
introducing spurious responses. 

by Deimts J, Derickson, Patricia A, Beck, Tlin L, Bag^veJJ. Da\1d M. Braaii, Julie E- Fooquet, Forrest G* 
Keliert, Michael J, Ludawise, HHiiam H, Perez, llniniala R, Ranganath, Garj^ R, 'ftt>tt, aiid SiLsaji R. Sloan 



This articli* dt'sc-ribes a new etig€ eniittrng LED (EELED) 
optimized for upticaJ low-coherence reflccionietr^' measure- 
Jiicnrs.^ " lis Lisc as a somcc for die HP 8504 B precision re- 
nectomctcr (see article, page ^19) has resulted in improved 
measurement performance compared to the HP 8504A. 

In optical low-c'oherencc reflectometiy. the outjiut of a low- 
coherence soiu^ce is coupled into mi optical fiber and split 
hi a *J-<iB crmpler i;is illustrated in Fig, 1. Half of the signal 
I ravels to a device untler t(*sT f FHT), \^'hile the other half is 
laioiched hito free space tov\ miis a mirror on a scanning 
translation stage. When the optical path length from ihe 
coupler to the niLnoi' equals the optical path iengrh from the 
coufiler to a reflection hi the Dl T. rJie j^ignajs from ihe two 
mTiis add coherently to produce an interference t'^rrern 
which Is nieasiueci in the detector arm of tlie coupler. WTien 
the optical path length difference becomes larger than the 
coherence length of the source, this interference signal 
vanishes. The amplitutle of the interference signal is pro- 
portional \o tite magnitude of (he nvnecticm \'i\nu \hv [>l T 
Translating the minor ahows tlie refleclivily of the Dl T (f> 
be niapi>eci as a fuiulion of distance. Widi these itew high- 
p<nver EKLHDs. the I IP 8504 B is i^hU' (o mtvisure reloiii 
losses greaier ihan Sd dli (reneeiiniis suudlcr \Uim -HI) dB) 
with a spatial resolution of 25 ttm. In addilion, reneetions 
internal to Uie EELED have heen red need so that .spurious 
signals aie eliminated. 

Source Characteristics 

llu' important considerations h\ chcKising a s<Jiirce for optical 
linvc'<ihe retire refleefonietry are spectral witilh, coherence 
[I'ltgth, spt^clral density, and outiiu! poiver. A hroad spec1i*al 
width implies ashon coherent^^ length aufl therefore a high 
spiUinl resolutton i-apaljiliiy. High outi)ui power and spectral 
density yield higli sensitivity, that is, the ability to measure 
small reOections. 
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inpiLsureinents. 



Many optical sources exliibit eitlier a t)road spectr^il width 
or higli stiectral fleRsity. but achieving both chtiract eristics 
at the same time is more difflcult. A cnngsten-fiiameiit lamp 
has a ver>^ wide spectral width, but low specti*al density (ap- 
proximately -(i'J dBtn/nm) when coupled into a single-mode 
Hber/^ Tlie amplifieti spontaneous en^isslon f ASE) from an 
erbiutn-doiied Hber ampliOerCEDFAj provules a high si>ec- 
rral deusity (ai)i>roxitualely <lBm/mu). i)ut a nairower 
spectral width (3(1 nm )."* EUFAs aiT relatively expensive and 
resbicted t;o wa\elengtlis near 1550 imt. Siuface emitting 
LEDs [Hovide moderate spectral density (approximately 
—15 dBnVnmj m\d broad spectral width (100 nm)/^ 

EELEDs provide a relatively liigli specti'al density (approxi- 
mately -27 dBni^nm) with a speflral widdi cjf 10 imi to HO nin* 
We chase the EELED lor opt ical low^-eoherence reflectomctry 
ineasuremenls because tiiey ofl'er a good balance of cost, 
poM'er, and spectral width (spatial resolution). 

An EELED is biased at a higli tlilve current to achieve* high 
oulptii |nnvei. At elevatrrl drive ciUTeiits. undesiral>le inter- 
nal reflections in commercially availalile EELEDs produce 
large spurious responses in optical low-coherence rcflec- 
tometry measmements. /Uong with real reflections from the 
DIT, sev eral undesired signals will lie displayed, potentially 
eonftising I lie iiUeituetalion of Hie reflet lion stnicture of die 
DLT 

We have succeeded ui producing an EELED with reduced 
internal reneetions. allowing high-sensitivity optical low- 
coherence refle(*t(mteti7 measurements to be made witliout 
spurious responses. The following sec tions <1 escribe the 
design and fabncation of tiiis high-power, low-hiternal- 
reflt*ction EELED. 

TwO'Segment EELED 

Fig. 2 is a scanning eleciron micrograph (SEM ) of the 
EELED stnieiure. Tliis InG^iAsP/InP-based device uses a 
ridge structure. Tlie ridge .serves two functions in the devic^e. 
It forms an optical waveguide, coaflning light in tht* di reac- 
tion t>arallel to die seiitieonductcir surface. It also conrines 
lire pump current to be near the rirlge. Fig. H shows a SEM 
;md a liic^torial diagram of tlu^ EELED crtiss set^tion. The 
continuous riflge waveguide has two electrical contacts: a 
gain contact mill an absorber contact, I'utler normal ot>era- 
tion, the gain contact is forwmd -biased and the absoiber 
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Fig. 2, Stiamiiiig elet'iron iiucmgraph (SEM) of I lit' uv<j-yygnieni 
EELED. 

contact is rev*»rsp-hi^ise{l. When a *?egment is forvv^ud- 
bi^ised, ail optical amplifier is formed. Under rc\xu'sc bi^is, a 
liighly absorbing optical detector is foiincd. The gain section 
generates aniplified sponumi^oiis emission (ASP^) power at 
tlie dedce output facet front the forward traveling wave. 
The al>sorber section pre\ ents the reverse traveling wave 
from rellectijig olTlbe liack facet of the device. If the waves 
were alloweci to lellect and cii cnlaie, the device could hise. 

Organometaliic vapor phase epitaxy (OMVPE ) is used to 
gro\v the EELED epliaxiai siniciure on InP ( 100) mibstrates. 
The first h^yer is iin n-doped hiP bufien The Ught -emitting 
active region consists of an lni_xCraxAsyPi_y (|uaternaiy 
layer. Tlie x and y fractions are cho.^en to ijrovide the de- 
sired bandgap while maintaining lattice match to the hiP 
substrate. Acti\ e region conv|Jositions for lioth 1300-nm and 
1550-inn wavelengths have been <:leveioped, Zijic-iloped 
p-InP is then grown above the active region. A heavily zinc- 
doped graded-bancigap layer is used to maintain low contact 
resistance tt> tJie top of the ndge. 

The ridge location is Hrst defu\ed by a t>tioiolithographjc 
process. Tlie surrourifling material is etched away in a 
CH i/Tl^j reactive ion i-iching cli amber to a predetennined 
deptJi. stf>pping abo\^e tlie light-emitting active region. An 
electrically insulating silicon nitride layer is applied over the 
ridge structure. A window is opened in the sUicon nitride on 



lop of tfie ridge antl a metal contact is deposited to fomi the 
Topside gain and al>sorber electrodes. The semiconductor 
substrate is thinned to impro\^e heat transfer and to facili- 
tate cleaving. A backside metal is applied to fomi the sub- 
strate contact. The devices are finally cleaved to form the 
J'acets of the chip. More details on the processing steps are 
given in tJie article on page 20. 

Operation and Spurious Responses 

Fig. 4 shows the various paths that liglit can take to reach 
the EELED outinn facet. 'IV'o chisses of signals can reach 
tlie device output, One is desired while the other is imde- 
sued. The luidesired patJis cause spurious resj^onses during 
optical low -coherence reflect ometry measurements. 

Desired Path. When tlie gain region is forward-biased, light is 
spontaneously emitted isotropically from all points tmder 
the gain section, A fraction of the spontaneously emitted 
light is captured in the ridge waveguide. The spout ai\eous 
emission is amplified in both fonA'ard and reverse travehng 
waves. The desired otiti)iit from the EELED is the forwai'd 
baveling hght (toward the <jutiJUt facet) with a single pass 
througii the gain section. Most of the ami>lil1ed spontaneous 
emission (ASE) leaving the output facet origuiates from the 
rear of tlie gain section (nearest the absorber) smce these 
spontaneously emitted photons receive the largest amplifi- 
cation. .An e<iual amoimt of ASE originates primarily at the 
forw^ard end of the gain section mid travels toward the ab- 
stjrber contact. An ideal absorber region prevents all of the 
reverse traveling ASE from reflecting off t he back facet and 
becoming forwtud ti^aveling eiu^rgy. At tlie high i>um|> t^uj- 
rents used to drive the EELED, tiie absence of an absorber 
region could allow^ the device to lase. The source W'ould then 
no longer have a broad, incoherent spectral width. 

Undestred Paths. i\n undesired output occurs when photons 
reach the output along more th*oi one path. These undesired 
paths start with a reflection from tlie output facet of the 
de\ice. Altliough the output facet is anriretlection-coated, 
sucli coatings aie not i)erfect and some signal will be re- 
flected, Tlie signals reflected at the output facet travel back 
througii the gaui region toward the al>sorber section. An 
midesiied output occurs if this signal is rellected a second 
dine and tiavels back toward die device c:>utput. These 
twice- reflected signals will add to tlie <^lesired output of the 
EELED and cause a spurious response. Possible sources of 
secondaiy reflections are distributed reflections along the 
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Fig. 4. Oprjcal signal flow chart for Uie EELED. 

length of the ridge waveguide, clisciete retlect itjius al the 
gain-toabsorber inleiface, aiid discrete reilectidns at the 
back facet of the EELED. 

Lf a source tliat has a large iiiiniber of internal reflect ions is 
used to make an opricai kn\-r till ere nee reflect onietiy mea- 
siiremenl, the lesiilting mforniation can be confiisiiig, Pig, 5 
shows an optical low-coherence rellcctonieti>' measurement 
of a Jiber-to-air reflection using an EELED source tliat has a 
significant level of intemal reflections. This de\ice is biased 
to deliver an outinii i)tiwer of 40 uW, hleally, the display 
would show only a single 15-dB ret urn loss spike at the 
glass-to-air ijitf^iface. The ac rnaJ dLsi>lay shows several other 
spmious signals that arise fmni internal renections iti the 
device. The cause of each spurious res|>onse is identiriefl in 
Fig. 5. The spimous responses at>pear syninietrit ally located 
about the true fiber tip reflection. Tlie spacing between the 
spiirious resfjonse and the tibei' tip reflection Ls equal to 1 he 
optica] distatice between the two reflection jioints in the 
luuiesirerl pat lis, Tviict*-reflected signals make up to tliree 
passes thtnu^h the gain region, compared to one p^iss for 
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Fig. 5. Exiimt>te of spnriutis jjigniil general ion m i>i>tical iQW-roherence 
lellf itciriic'try \mi\g a IfilKl-iini EELED sounf with a liigli IpvpI of 
iJili^nuil feflcetlriiis. 
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Fig. §. Antiniflecrtitin tciating reflectivity versus vvavelength for 
5jnj4le'liiy<*r aiid nui 111 j>lf -layer designs. 

I he desired signal. Because of the duee gain passes, the lui- 
desired signals rise verj- quickly as tiie gain and consequendy 
the power from the device are increased. For eveiy 1 dB of 
mcreased output pow^en the spurious signals mcrease their 
level by 8 dB. Therefore, when attetuptiitg to use a high out- 
fjLit power u is critically important lo reduce all sources of 
inteniaJ reflection in the EELED. hi the ttext section we will 
ide^tLf^^^ methods to minimize these intenial reflections. 

Reducing Reflections 

It is very miportaiU to reduce the reflectivity of the outintt 
facet since all of the imdcsued twice-reflected signals de- 
pend directly on it. Tlie wide spectral ouH)ttl of this flevice 
necc*ssilat(*s a brtjadband antirefleetion coating. Output 
facet anthctlection coating reflectivity cuives are showMi in 
r'ig. 6. Tlie coating is made up of nuiltipje layers, result ing iji 
a i>raader low-reflectance window^ than a traditional single- 
layer, quaiter-w^avelengtb design. 

Tlie distributed jeflections along the length of the optical 
wa\"eguidc are cause<i by vaiiatiorts iii the ridge dimensions 
along tlie waveguide length. The conthtions for the reactive 
ion etching of the ridge were chosen to minimize these 
wa\ egiude vmiations. Fig, 7 shows the sidewalls and sloping 
floor of the ridge taken after the reactive ion etching pro- 
cess step, ^riiere are small vtTticd striations in the sidewalls, 
but over a larger scale the surface is veiy sniootlL Tlie mag- 
nitude of the (list ri bitted reflections from these ridge stri- 
ations is estimated \u be at a level of less than 110 dB rt^tuni 
loss. The distributed reOt^ct ion level prnvick^s a k>wer limit 
to the multiple reflection cliaracteristics of an EELKD since 
a small amount of waveguide reflecdviiy is unavoidable. 

Anodier source of secondary' reflections exists at the gain/ 
absorber interface. Since the gain section is heavily pumped 
smd die aljsorber section is reverse-biased, (he carder (iim- 
sity changes suddenly liietw^een these two sections. The 
index of refraction depends on the c^arrier density hi semi- 
conductors.^' This abnipt cliLmge in carrier density can 
cause a tetledion- Ati imljiiised region l)etween the gain mid 
the ahs(jrlMrr not only avoids cnndut lirvn between the two 
sections, bul also ullows Ihe carrier di-nsify (anil thus the 
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Fig. 7. SEM shoeing sidewidl rt ?iigliTHjfs^ in Hn- ritjgt' wavrgnidt'. 

Index of refraction) to taper off gradually, red ii ring the re- 
flectivity. The gain rtniiart is aiigled with respect to the 
waveguide to reduce the carrier density gradient and to 
direct any teniainhig reflection out of tiie waveguide. 

The absorber characteristics are very^ important in obtahiing 
low-intemal-reilectlon EELEDs. The efficiency of the ab- 
sorber at the loug-wavelengtli end of tlie output spectmm is 
smaJL h is possible for dele tenons levels of iung-wavelengtli 
light to reflect off the back facets there by degrading optical 
low-coherence retlectouietiy perfomiance. Tire characteiis- 
tics of the absorber section have been measured expeiimen- 
tally and are presented in Fig. S. The top cune shows the 
spectral densily of Mve light from the EELEE) output facet as 
measured hy an ojitjeal spectrum analyzer The amount of 
light generatetl at long wavelengths is enliaiiced because of 
bandgap shrinkage and heating effects m tlie gain segnient.^ 
The output from the absorber section under several bias 
conditions is shown in the lower cur\'es. The difference be- 
tween the oiitpui cun es ajtfl the absoilier cunes represents 
tJie at>stiriU ion of ttie absorber segment as a function of 
wavelength. Tlie absorber section effectively attenuates the 
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Fig, 8, {:■{) iiiiin 5?fginpnt output (forwiini tnivf*ling \^*ave) as \i€wed 
in a rj-iini rest)lutIorj baJlrh^ldth on an optical spettrnnv iina]\T!er. 
(hi Oufput from die abstirher setlioii d'eversc travi'liitg vvavf) Torn 
O'Vult bias and (c) a ~4-valt bias. 



light in the short-waveiengtlr ejid of t!ie output spectmin. The 
longer- wavelength light from the EELED travels Unough the 
absorber segment mdi relatively httle absolution. Transmis- 
sion through Uie absorber at long wavelengths is reduced by 
increasing the magnitude of the reverse bias on the absorber 
.section. This increase in long-wavelength absoi^jtion is 
caused by the Franz-Keldysh effect^ in bulk active region 
devices. We have also studied the absorber sections of de- 
vices using quantum well active regions. These devices use 
the quantum-confineti Stark effect'' to incTease king-wave- 
length abson>tion. In our;)resent bulk active region design, 
we have ctiosen a very long al^sorbing section. This reduces 
the back facet etlective reflectivity to a level lower than 
Itiat of the distributed reflection along the length of the gain 
section. 

Fig. 9 illustrates an optical low< oherence reOectometiy 
measurement using the opiiinized EELKI) biased to produce 
an output power of about 4tJ ^iU\ the same output power as 
the earlier device stiown it; Fig. 5. Fig. 9 shows a much 
lower level of internal reflections. The new EELED offers 
good sensitivity without the spurious responses that c an be 
confusetl witli real responses. If the output of the new 
FIELED is increased to higher power (hundreds of micrt:>- 
watts), the spurious sigimls will eventually rise out of the 
noise floor, since spiuious signals rise m<:iie quickly than the 
desired signals. 

Power Characteristics 

The EELED must ]>roduce high output power while n\aintain- 
ing low internal rellectioiis- Power translates direcUy into 
increasctl measuretuent sensitivity for oi>tical low-cc^herence 
reftectometo' applications. In designing a device for high- 
power applicatkjns the following parameters must be con- 
sidered: gain section length, ridge waveguide dimensions, 
active region designs, and de\ice momiting techniques. 

Tile output power of ati EELED depends on the gain acliiev- 
al>ie in the optical amplitlei' (gain section). High net gam can 
be achieved v\itli eitlier a large amomit of gain per miil lengtli 
from a shorter segment ox a smaller amount of gain per unit 
length from a longer segment. FTg, It) compares the tnilsed 
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Fig. 9, Example of an optical low-Loherence reflect ome I r>' measure- 
ineiif for ait aptiniized i300-nin EELED as described in this ariiirle. 
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CurrenI ImA} 



Fig* 10. Pulsed outpiu jx>\ver into a.siriglf-ni(Klp fiber v€?rsus ciir- 
n.*iil for If^DtKruii EELKTk uhh t'lfui sMrTi-iii l^ni^thK f»f rifift uw and 

output power from EELEDs with 30<)-uin ancJ 8(M>f.ini gain 
segment lengths, "fhe absorber sect ion lengtlvs lor both de- 
\iciis were identical hi each case, the Ughl'Versus-curreiit 
ctin^e IS imtiaiiy superHnear, meajting tltat the slope of the 
cur\'e iiKTeasen vvjtli ilnve current. At low current le\els. the 
vvaveguirJe untier die gain contact experiences a nel loss per 
unit length, so that onl^' ttie spontaneously em it led hghl near 
ttie output facet actually leaves the device. As drive ciUTent in 
the gain contact is increased, the de\ice gain increases and 
tlie mWpnl power incjeast^s. The jiower outjitit will eventually 
be limiled Ijy optical sainratioii of the gain region's output 
(by its own ASE), by nonradiative canicT reciirnbmation 
effects, by heating, or by a combination of these effects. 

For lower drive cuirents, tlie device with tlie short gain re- 
gion ptxKluces higher outpiii power. For liigliei' tirive cunients, 
rbe dev ice with the longer gain region produces signillciuitly 
bii^her outpii) power. UntJer direct cunejit biascnnditit>ns 
the ont|)Ut (xmer difference between die slion and long gain 
section lengtlis is even nu:)re dramatic. Several factors play a 
role in tfte increased oni]:»nt power fi^om the longer device. 
Tiif^ 'KM)-iun dcnice nuist cjiKain a large amount of gain in a 
sboil disiitnce. reqniring a liigbcr current dcMisity and there- 
fore a greater temperature rise thajt the longer device to 



achieve the same gain. The carrier density is also much 
higher for the shorter gain region length. As carrier density 
and teni|>eraiure iucirease. a lai^er fraction of ihe pimiping 
ctirrent goes into wasted noiuadiati\'e reconil>if*ation com- 
pared lo tlie desired radiative recombination- Auger recombi- 
nation mechanisms aix» esp^'ially iniiK>rt;mi at lii^ carrier 
densities m the luGa.'KsP/lnP nmtenal system and are more 
prominent in L 55- uni dences ihan in L;^m devic(*s.^^' 

TJie ridge design can also have a m^or effect on output 
[)f>wer. We have inv^estigated a variety of ridge widths i-ang- 
uig from a few lo many micrcmieiers. The namywer devices 
couple ligJit more efTicienliy into single-mode fiber but the 
wider devices produce slightly lower levels of distribnt ed 
reflei'lions along the lengtli of tlie gain section because the 
ecJge roughness lies farther away from the center of the 
waveguide. Tlie ridge depth (chstance from the ridge top to 
the niatetial left above the active layer in the field as siicjwTi 
iit Fig. 3) is also a key parameter in at^hieving a high output 
power. The dejith controls IhjiIi the triinsverse wa^eguiding 
of the optical mode and the current confinement in the de- 
vice. Fig, 1 1 ilhisirates two extremes of etchmg. If the etch 
is not sidlKiently deep, the t unent will spread so that a sig- 
nificant fraction of the cuiTeni will be wasted i.uimi>ing para- 
sitic regions of the device in which the optical Held is small 
The optical mode will not be opthnally confined. If the etch 
is too deep, the optical mode viili inlersecn (he los.sy metal 
contacts, c^aiismg tiie waveguide loss to increase and output 
power to decrease. Ktchitig irito the active region can also 
introduce recombination losses. An optimal compromise 
between ibese two extxenies was reached experimentally, 

Tlie output power capability of EELEDs widi both quantum 
weii Jind bulk aciive region sfniciures has been studied.- For 
the same gairt section lengths, bulk active region designs 
have produced higher i>oh en 

The stKH^tral cbaraci eristics of the KELEI) <lepc^ncl mi Ihe 
ainoiuil of spontimeousiy t^rtutied light captured in the wave* 
guide at eacli wavelenglh iind the baiidvtidth of the optical 
amplifier F)^. 12 shows llie s|u'ciral chaiact Christies of a 
i:]aO-nni FELED and a 1550 nni KELEf). The IboO-nm device 
i ^x h i hi I s a f u 1 1 wi d 1 1 i a I 1 1 al f 1 1 laxim urn ( l-^WI IM ) sj km 1 ral \\' u I Ui 
of 5(i ntu at iUi ontjHil i^ower t^f 350 j^iVV. The bilO-nnt dcnice 
exhibits a FWTIM of 51 nm at an output power orBf) ^iW. 



Current Paths 




FiU* iLfunv'Ht :nu\ u]>firal crinfinpriir?!!! fur (u) siiailyw run.] iU] <k^ep ridgf etch. 
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Fig, 12. SpetiraJ rliariicterisliciv o^b(^fJ'flItl-lol^ggtiiJlset.l|aIi 
EELEDs m i\ cimmM of 200 n^^lbr (a) ISlQ-nm and (h) 1550-iim 
tenter wm-elengUTs, The rt'^olutioM bajid width is 1 mn. 

Reliability Results 

Reliability of tiiese ridge devices has been investigated* willi 
over 6000 liours of afceleratpd life testing to date. Device 
failtne is usually clt^toied as a decrease i>f oui|nit [»ower to 
one liair of ii^^ inilial value. I'smg this criterion, an extrapola- 
tion from measured cfata allows a liittinie prediction foj' the 
de\4ce. By rneasuiing the lifetime at several temperatures 
we caj^ rich rmine the aclivalion ener^v of the failure mode 
and iafi^r wluii die actual lifetime will be a( die operating 
feniperalure of the device. The lifetime of these devices Is 
estimated to be over 800,000 horns at 25"C. 

Summary and Conclusions 

HELKDs optmiized for (»pticai low-coherence reflectometiy 
applications have been developed They are used in the HP 
8o04B precision reflectometer for increased measurement 
sensitivity and elimination of spurious signal responses in 
die display. 

The devices have been optimized by reducing internal re- 
flections aiKl increasing oinput power. To reduce reflections 
we have: (1) produced smooth sidewalls on the optical 
waveguide during i lie ridge fonnadon process, (2) extended 
the gahi-to-absorl>er transition region and imgled the metal 
contacts, (3) fabricated a long absurbei^ section with the 
capability of applying a reverse bias to reduce back-facet 
reflections, and (4) applied a broadband antireflection coat- 
ing to the out]3iit facer. The devices were also designed for 
increased power. Tlie power was increased l.>y; 1 1 ) employ- 
ing along gain section lengdi, (2) opdmizing the rltige etch 



depth, (3) choosing the ridge width as a compromise be- 
twi'en efflcieni cout>ling to single-mode fiber mid low dis- 
tiibuied internal reflections, and (4) choosing a bulk active 
region design. 

The chai act eristics that make these EEI.EDs valuable for 
optical low-coherence reflect omen->' also m^ike diem ideal 
sources for other apjihcadons rerjidring high powei- atvd low 
internal reflectioas. They conld be used in filjei-ojiUc g^'ro- 
scopcs, which require a veiy low-t^oherence soiu'ce. In con- 
jtmction with iUi optical spectruni analyzer (such as the HP 
71450/71451 A), they can be used to measure the characterise 
lies of optical <:oinponents as a f miction of wavelength. Al- 
lltDUgh l'.it)0-nin anrl lo50-nm sources have been discussed 
because of theii^ ctirrent impoitiuice to the lelcconmitauca- 
dons industry, BfJLEDs for other w^av^elengOis between 1200 
nm and 1700 nm can Ijc i>i odm^ed by changing the epitaxy in 
the active region. 
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Jitter Analysis of High-Speed Digital 
Systems 

The HP 71 501 B jitter and eye diagram anaiyzer performs industry*standard 
jitter tolerance, jitter transfer, and jitter generation measurements on 
Gbit/s telecommunication system components It can display both the 
Jitter spectrum and the jitter waveform to help determine whether jitter is 
limiting the bit error ratio of a transmission system. 

by Christopher M. Miller and David J, McQuate 



Digital fommimication systems tyiJically consist of a trans- 
mitter, some type of comjiiumc^ations me<1fiim, and a receiver 
or line term inal unit. TX'pIrally, the <ligital pulses transmitted 
in these systems are attenuated ajid (tisperseri as they t^ropa- 
gate through the transmission medium. To overcome signal 
attenuation along the transmission path, the signal may be 
reanipiified. To overcome both attenuation and dispersion 
the signal may be regenerated. A regenerator leceives the 
data stream of ones imd zeros, extracts the clock frequency, 
then ret hues, reshapes. ajHl retrtmsmits the digital data. 
Even if regenerators are noi employed iu the transmission 
system, the receiver always perfonns tlie process of extract- 
ing the clock signal to decode tiie data stream. Any flnctna- 
lion in the extracted clock fiequency frotn a constant rate is 
refen*ed to as jitter. 

The hirernational Telegrai>li ami Teiephone Consultative 
Commiltee (CCITT) has denne<ljitler as "short-term iroii- 
f*mnulative v-tiriatjoas of the significmit Itistatvts of a <ligiial 
signal from their ithsil fxisiiioiLs in time." A significant 
instaJit rai^ be any ('<in\enit'riL ecLsily jdet^tifiahle point on 



the signal such as the rising or falling edge ofa pidse or the 
saii^pling hisiant. Tlie time variation in the significant 
instams of a digital signal is eqni^ alent to viiriatiotts in the 
signals pliase. A second paiameter ckjsely related to jiner is 
wander. Wander genei'ally refers to long-term \'ariations in 
the significant instajils. There is no cleai" definition of tiie 
boiu;daiy between jitter and wander, tint phase vaiiation 
rates below iO llz are normally called wander. 

Fig. 1 shows an ideal puLse train com paied at successive 
uisrants T,, with a jiuise train that has some timing jitter. The 
jitter lime function is obtained by plotting the lelalive dis- 
placement in the instimls versus time. T^i^jically, ihe jitter 
time fimdion is not shmsoidaL The jitter spcctnmi can be 
dctermintHl by taking a Fou tier trans form of tlu\itnn' lime 
huution. 

Controlling jitter is impoil£mt because jitter can ciegrade the 
|ipriV>nnance of a transmission .syslem by infriKJiicinghit cr- 
rr)rs in llie digital signals, .litter causes bil errors by i>ri^\enl- 
ing die connect samplhig of the tligitiil signal by a regenerator 
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or a liiie temiin^il unit. Jitter caji accumulate in a transmis- 
sion network depending on the jitier generation and trai^sfei' 
f haraeteristtes of Ihe iiitf^rconnecie*! equipment. 

Jitter Measure me III Categories 

In an effort to stiuiclairlize tlie liighspeeci t elect)ninTiinication 
systems that are being developed and deployed, slajtdards 
liave be mi adopted for equipnieiit niaiiufartiuers mul service 
provider to use. Two such .staiidaifls are ttie synchronons 
optical network (Sf )NET), a NoiHi American sr^nidard, and 
tlie synchronous digital liierarchy fSDII), an iiiternationa] 
stajidartf t^oth standards arc for high -capacity fibcr-ojitic 
Iransmission and have siniilar physical layer detlnitions. 
These standai'ds define the featio'es and funcdonaiity of a 
transpoil system fjased on i)nnciples of s:^Tic}nonous niulti- 
piexing. The more popular tr;ii3stnission rates are 155.52 
Mbits/s. b2:^J)a Mluts/s. and 2,488:52 tibits/s. The standards 
specify the Jitter retjuiremenls lor I lie optical interfaces with 
the intention of controllmg the jitter accumnlation vidthm 
the transndssjon syslein.^- Tlie t raTismission equipment 
specificaliorLs are organizetl into the following categories: 
jitter tolerance, jitter traiisfer, and jitter generation. 

Jitter tolerance is defined in terms of an applied siJiusoidal 
jitter component whose amphtude. when applied to an 
equipment input , causes a designated degradation m error 
performance. E(tiiii>iniMil jilttT tolei^ancc t>*^riV>rnKmce is 
specified witlijilter lolerjnu e b^nplates. Each !(^m]]Iate de- 
fines die siniLsoidciI jitter aini>Utnde-versus-fre(iuency region 
ov^er which the equif anient miist operate withtHit sutYeiing a 
designated degraciation in error performance. Ttie dirfereuee 
betw^een the template* and the tolerance cut^i^ of the aclnal 
equipment represents the oj>erating Jilier tiim^^in and tleter- 
inines the pass or fail status. 

Each transmission mte typically has its q\m\ ini>vit jitter tolei'- 
ance template, hi sc»me cases, there may be two templates 
for a given transmission rate to accommodate dltferent re- 
general or Ijpc"^- Jitter timi)liti id e is traditionally measiireti in 
inui hiicrraLs (tlj. where 1 LT is tlie lihiLse deviation of one 
clock peri<Ml, 

Jitter transfer is the ratio of the anijilitufle of m\ equipment s 
output jitter to an applied input sinusoidal jitter componenl. 
Tlie jitter trartsfer function is idso specified for each transmis- 
sion rate \mi\ regenerator type. Jitter tnmsfer reiiuirenK^nts 
on clock recoveiy cirmits s[>erify a nuiximum amount of 
jitter gain versus freciuency up to a given cutoff frequency, 
beyond wliich the jitter must be attenuated, live jitter trans- 
fer specification is intended to prevent the buildup of jitter 
in a network eonsisthig of casc^aded regenerators. 

Jitter generation is a metisurc of the jitter at aji equipment's 
ont|ouT in the absence of an appliefl input jitter Jitter genera- 
tion is essentially an integi^ated phase noise measurement and 
for SONET/SDH eqiiitmient is si^ecified not to exceed 10 mlT 
root mean s^^nai'e (nus) when measmed using a highi.)as.s 
filter with a 12-knz cutoff ftcquency. A related jitier noise 
measurement is output jitter, which is a measure of the jitter 
at a network node or output port. Altiiough suiiihu' to jitter 
generation, the outinit jitter of the network ports is specified 
in terms of peak-to-pcak Li in two different band widths. 



Jitter Measurement Techniques 

iVIthough these Jiiter rueasm 'nn m(s are made on digital 
wavefoniis. I he tests themselves uud (o he analog in nature. 
The mosl frequently encountered teeiuiiiiues to measure 
jitter usually emijloy either an oscilloscope or a phase detec- 
tor It is worth noting that there are adflidonal jitter mea- 
surements that deal with asyuchnmous data being uiat>ped 
m\o the SONRT/SDH format, These lests examine tlie jitter 
introdncerl by jjayload map[>ing and poi tiler attjuslments, 
and are performed by detlicared SONET/SDH testers. 

Intrinsic datajhtei's intrinsic clock jitter, mid jitter transfer 
can lie tlirectly measured wiOi a lugli-spee^d digitid sampling 
oseiIlt)sf o]>e. As shown in Fig. 2a, a jitter-free trigger signal 
for the oscilluseope is pi(>vided by clock source B, whose 
frequency reference is locked tt> tliat of clock source A. 
Clo(^k source A. whic!i is modulated by the jitter som^ce, 
drives the patteni generator. The ijatlern genenilor suppUe-S 
jitiere<i dalii Tor the jitter transfer measujcment tci ihc device 
under test (Dl'T). The jittered ijiput and output waveforms 
can be analyzed usuig tlie built-in oscilloscope histogram 
fu net iotis. Ilie limitations of the o,sciltoscope measurement 
tecluhque artMlie following. The maxirminijilier ami>litude 
tliat can be mea^sured Is limited to 1 HI i>eak to peak. Above 
this level, the eye diagram is totally closed. Secondly, this 
technique offers poor measurement sensitivity because of 
die inlierently high noise level resulting irom tlie large mea- 
SLUcment bantlwidUi involved. Third, the technitjue floes ntJt 
pro\idc iu\y uifoiTiiation about the jitter si^et tral characteris- 
tics or the jitter dme [miction. I^inally, tJic Ix^chiiique requires 
an extra clock source to provide the oscilloscope txigger 
signal. 

Many of the limitations of the sam[jllng oscilloscope tech- 
nique can be addressed liy using a phase tk^tector. The phase 
detector, in Fig, 2b, compares th(^ t^J^^^^^ o^ l^^ recovered 
clock fi'om the device or cquijiment midcr test \^dth a jitter- 
free c lock sourc^e. Tlic output of the phase detector is a volt- 
age thai is proiiorlional to thejilLcr on tlie recovered clock 
signal. The range oil he phase detector can be extended 
beyond 1 VI by usuig a frequency di%iden bit rinsie jitter Ls 
metisured by i^onnecting tiie out]mt of the phase detector to 
ari rms voltmeter with approjjriate band|)ass filters. A low- 
In 'queuey nc(work analyser r an be counet ted to the out}HU 
of the phase tlctector to mcasiuc jitter transfer. 

The phase detector method forms the basis for inosi detji- 
cated jitter mc^asiirement systems. It is relatively easy to 
implement ;^md pro\ddes fast intrinsic jitter measurements. 
However, there arc several limitations, .\jirter measure me !it 
system emi)h)yiug this If^ehnique usually consists of dedi- 
cated hardware, which cmly fmictions at specific transmis- 
sion rates. h\ addition, the accuracy of the jitter transfer 
measurement with a network auiily^er may be insufficient to 
guaiamee that t he .specification in the siaudmxl is being met. 
Finally, the technique requires an additional clock source as 
a re fercnce for the i:>hase detector. 

Jitter and Eye Diagram Analyzer 

Tlie BP Tl'iOlB jifter mul eye diagram analyzer is a sampler- 
hiised instrument diat offers a genera bpuipose solution to 
these jitter measurement requirements. To perfonii Jitter 
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Fig. 3, HPTl^OlUjirtPr 



mea^surenieiils. tlie HP 71 501 B combines the IIP T0820A 
microwave traiisilion iiiialyzer module;^ the IIP 70(KJ1A 
color display ant! iiuiinrniine. and I he IIP 7ns7 II Vjirter per- 
sonality. The iM'tsniialiry is stored on a ^^nK-liyn^ ROM card 
and can be downloaded into the inslmnient. Shown in Fig. 3 
is a photogi-aph of the HP 715t)IB-bjised jitter measurement 
system. The system contlgiirat ion, shown in Fig. 2i\ includes 
an IIP 70811B ri-GljiL^s patient generator, an HP 7()842B er- 
ror dele c I or. tm IIP 703 llA Option H08 clock source, aiid an 
HP 3325B synthesizer, which serves as the jitter modulation 
sonrce, Tiie do\%Tik)aded jitter pereonality allows the the HP 
7 1 50 IB to take control of all the other instnmients in the 
Jitter measurement sy,stem and to coordinate the measure- 
ments. This jitter metisuremenl capability has l>ccn recently 
extended to 12 Gbits/s with the introduction of the IIP 
7084:1\ error pertonnance arud,VTen Also, sophisticated eye 
diagram mfasuremeuts t an i>e irjatie wlren tl^e eye diagram 
personality is downloaded mto tiie instrument,^ 

Sampl e t - ba.se d i n st ru it i e ri t s ti k e I ^i e H P 7 1 50 1 B tvp i cat ly 
operate by taking time sam|>les oi the data, ttien analyzing it 

Switctiable 
tow-Pass 
Filters 



using digital signal processing techniques. The HP 715018 
has two input clnymels which allow it to an alyise jitter trans- 
fer Encli signal prtxessing cluuinel can Huniple an<l digitiise 
signals from dc up to 40 GHz, so the jit Um measnrtrment pr<:>- 
cess is inherently fre£|uency-agile. As shown In the block 
diagrani in Fig, 4. input signals to each channel are sampled 
hy a ruicrowave sam[>ler lii a laie between 10 MMz mid 20 
MHz. I'lie tjrecise samiile rate is set based on a dett'imina- 
tioti of I lie incoming signal fretiuency and the type of mea- 
surement being made. The outjmt of the samplers is fed hi to 
the dc-to-1 0-MHz intermediate frequency (IF) sections. The 
IF sectitjns contain switchable low^-|:>ass filters and step-gain 
amplitltMS. Tlu» tic eomtionents of the measiu'ed signed m'c 
tapped off aiiead of the microwave sampler and siunmed 
into the IF signal scp^uatcly. Ttie output of the IF sections is 
sanijjled at the same rate as the input signal and then con- 
vejled to a digital signal by I he an a log- to-digital converters 
(ADC). 

fJncc the signals are digitized, ttiey are fed into the buffer 
memories, Tlicse buffers hold I he samples mitil the trigger 
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Fig- 4. Simplified block diagETini nl the EP 71 501 B jitter and eye ftiEigram analyzer. 
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point is detemiined. By triggering on the IF ftignal. the liP 

TL^ilB is ahle id trigger intenuilly on signals with funda- 
mental fnefineneies as high as 40 GH?.. Once Ihe trigger point 
has been determined and aH die necessai>' data lias been 
arcjihred, the appropriate data is .sent to the <iigiial signal 
processing I E>SP) chips. Hie linic data in the irat^e niemor>' 
b lifter thai is sent to the DSP chip has an FTT porfomied on 
it. \^lth the time data now convened into the frecjuencj' do- 
rnaiii. IF and RF corret*tioas are ai^pHed to tfie data The IF 
ton'et-tjons compensate for nonidealitit^ in the analog signal 
processing patli. The RF cfjrreciions compensate for roM-off 
in the micro wave sampler conversion efficiency as a ftinction 
or incoming signal fret|uency. A Hilbert transfonn is then 
performed on ihe corrected! fretiueney tlaia to generate a 
qiiadraiiire set of data and nii inverse FPT is pprfoniied. 
Tbisqitadmiiirt^ set of tinie-dotnain data is conibitieti with 
the original sanipled time data \o form a rc^mplex-valiied 
representation of the signal railed tlte (ntnti/fir sigtmi. ITie 
aiial>1lr signal simjilifit^^ The niani[julation anti mtaiysjs of 
modulaf efl wave f onus. ' Specific^ally. in Uiis application, it is 
used to recover the jitter time fmiction. 

The HP 7 150 IB c.^an make aiid display measurements of the 
frecjiieiicy spectrum or time<lomain wawfonii of a jittered 
clock signaL It can also demodulate th(* jiftered dork signal 
lo fUsplay iuui perform measure inents oti tlie jitter speetnini 
or jitUn time fmiction. Fig. 5a shows a 2. 488-32-0 Hz clock 
signal displayed in the time domain. The jitter function in 
IhLs example is a sinusoid at a lO-kllz rate with an amplitude 
thai coiTesponds to apluise deviation of 0.25 I'l t>eak-to-p^*^- 
This dis]>lay is similar lo whal onu wouki fibsene on a higlv- 
suced nscilloscotJC with lheapproi)ria(c i riggin' sigruiL Fig. 5h 
shows die ckick sped nun widi jitter sidebands. This display 
is simltfir to what would be observed on an RF spectrum 
iMinlyzei. Fin^dly showji \n F'ig. oc arc slmulUmeoiis fretiuetv 
ry-domaiii ;iiid ijinC'doniMivi disjilaysorikt^ dennHhilalcd 
jitter fuiKlitm. As wiil be sliown kiiej. the jiieasurc'mem 
fechnique used by (he HP 7! 50 IB depends on llie spectral 
roiiienl tUid magnitndeof die jitter !irne functkaip and the 
type of measurement beittg perfonned. 

Measuring Sinusoidal Jitter 

As nn^viously staled, jiiler is essentially |)hase modulation. 
For small ainoutits of sinusoidal |>hase iiKKkilalion, a single 
pair of sidebands is obseived. which are scpartUed from the 
earlier (ckK^k frequenry) by tlu* modulation freqtienry. For 
small vahies of modulation index, the magtiittide of tlie side- 
bHirtls Is linearly [iroporlional to eIu^ modulaiion index, .^s 
iht' Muidulatif^i index increast^s addiiisniijl sit JchmuJs appear 
itnd the relationship between mofjulatlon index and sideJjand 
iimgJUliKle lKM*omes nonlinear. Hie amplitude of ihe nth side- 
hrnui relalive to the magnitude of the unmodulated carrier 
c;in be calx niated using die nib onJinaiy Besst^l functior^ 
wifh die m*>duialion index f> as an aigimient. 

p-JtxUL 

The modulati€»n index is an intiicator f>f the number of sig- 
nifiranl sideliands. signilicant Ijcing greatei" ihan -20 dB 
relative lo Ihe nnmodulaied rLurier. The bmuhviddi BW of a 
phas^ modulated carrier, exjiressed as a fiincdoii of the 
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modulation index and the modulation frequency fffifxt, can 
be approximated using Carson's rule: 

Theoretically, a hanriwirlfh-iirnited signal ean be accurately 
reconstnicted if ihe sample ntle is more thm\ twice the sig- 
nal's bimdwidth. Since tJie HP 71501B's maximum sampling 
frequency is 20 MHz, arcurate, imaliased sampled represen- 
tations can be obtained of signals whose bandwidth is less 
til an 10 MIIz. The instnmient's microwave sampler converts 
the jittered signal at the clock frequency, fsi^nwl^ tlowii into 
the IF by mixing the signal frequency with a harmonic of Ihe 
saniplf" frequency, f^aisipk^^ This harntonic nnmber Is refeiTi-d 
to as the comb number, N. The mininuim conil> iiumber is: 

>Jjiiumtnin, - ceUifigl f^Ji^nal/^O MHi^K 

where ceiling(xj is the smallest integer greater than x. This 
integer <*omb number is then used to compute tlie sample 
frequency for the given signal frefjnency with the followhig 
relationship: 

4itivi|>Jt' - fyifinij'^IN + (number of cycles/nniTi her 

of trace points)]. 

The jittered signal at tlie clock fieqiiency would be mixed 
down to s^ro frequency in t he IF' without the term cycles/ 
trace points, which Is used to [ilace (he down-converted 
signal in [be IP' without having the sidi-bands fold o\ er. h^ 
Fig. 6, an examjjle is shown for a clock frequency of 2.488^32 
GliZj a muiimum comb nutnber of 125, trace points equal to 
1024^ and cycles equiU to 256. ^flie correspotiding sample 
frequency is 19.866826 MHx. The effective IF bandwidth is 
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one-half the sainple frequency or 9.9394 U3 MHz in this case, 
and the down-converted signal Ls centered in the IF. 

For these signals, the phase moclulalioit wa\^efonn vim be 
detenuine(i using Ihe buill-in DEG math fmiction basetl on 
the analytic signal The peak-to-peak jhter can be measured 
directly on this demodulated wa\ efomi. However, to improve 
the nieasureinent signal-to-noisc^ taiio. t'articularly for low 
levels of situisuidal |)luise nioflulation, a discrete P'onner 
trajtsfonu *>f tlie modulation waveform can be perlVirmed. 
Tlie peak jitter can be determined front the magnittide of tlie 
spectial component correspondmg to the modulation fre- 
quency. This comixjnent leprescuits the energy in a small 
frequency liaiid whose width is set by the wuidow function 
used in calculating the traitsform. A Flattop whidow is used 
in the HP 71 50 IB for single-frequency sinusoidal jitter niea- 
suremeiits, Tiiis w inflow fund ion erfectively serves as a 
resoitilion bandwidili filter that reduces die tandom noise. 
The resolution bandwidth RBW of the window function can 
be detenmned from: 

RBW = Window Factor x fj^^^jjifynuinbtT of trace ptjints^ 

where the window factor is 3,60 for a flat-top window. For a 
fcced sample rate, as the modulation frequency is reduced, 
the con esponding spectral component in the Fourier trans- 
foiTii iTioves closer to thu( tjT the Kero-fretiuency component. 
In lite limit, fhe wintlow binclion.s ofthese two components 
overlap, iind tite inagnitucie of the n\odulation rate spectral 
component is contanunated. To etnimer this effect the comb 
number can be uicreased, reducing the sample rate ajid 
moving the modulation-frequency component away fnnn the 
zero-frequency component. However, reducing the sample 
rate decreases the effective II*" bandwidth, and thus the mea- 
surable signal bandwidth, Bitsed on the specified jitter mag- 
nitude, the maxinuiin < omh uuinberean be deU^nnitvetl 
using the following relaikMislup. wiih rsam[jk. '^t^' equal to 
twice Carson*s bandwidth: 
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As long as the sample frequency is greater than twice the 
down-(*onveitcHl signal's bandwidth, the transfoiin metisure- 
ment is perfomietL If not, the sample frequency is mcreased 
to meet the retjuirements of Carsoit s mle and the measure- 
menl is in,jde tlirectly on (lie inoflnlation waveforuL T\iiically, 
wlien Mus (M'riirs, ilie siJeciHed jiiter niagnilnde is quile large 
mid measurement uncettainty resulting from random noise 
can be ignored. Often, the clock fretiueticy. jitter modulatitm 
frequency, imd magnitude aie specified either liy tlie require- 
ments ui the sttmdard or by the customer, mid in such cases 
the HP 71501 B uses this information to determine the 
optimum measurenient mode. 

WTien the signal's bandwidth exceetb 10 MHz, the htstru- 
meuT s maxiuvum IF btuidwidtli, tlie tiown-c^onveited signal 
bei'omes aliased and the phase modulation w avefonii caiuiot 
be diiettly obtained. However, it is si ill pnssiljk^ to detennitie 
die modulation index of signals contain it ig si tiusoitlal jitter, 
hi this case, the instiimient measures tlie signals RF spec- 
tnnti directly, setting the sample rate such that the carrier 
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and rirst-ord<»r sidebands fall at convenient places in the IF 

t>aitcl Tile Tiiagiutiide of the carrier is measured, and tlie 
average of ilie timgnitudes of Uie first order-sidebands is 
determined, l-sing tht* average of the upper and lower first* 
order s!(iel>atKis stpuficiinrly re^hices any effect Uiat inci- 
dental aiiij>litiide moduJation (AA!) may have on ihe phase 
infKhitauon ( Pl^f) n>easiirenient. The modulation index fJ Is 
i'iilcnlalpd by nmnerieally solving: 



Ai 
Afl 






where Aj is the a^^rage of the magnitudes of the first piilr of 
sidebands. Ai\ is carrier magnitude, and Jo and J] are Bc^ssel 
iuiirtions. Since only the carrier and first-order sidebands 
are rru^cLsured, this techjiigue can deteiTmne tlie nKKiulation 
index for jitter levels up to Ihal at which J(j goes tJuougii its 
first null This occurs at a jhter aniplitude of O.Tfi UI, which 
is about a factor of five larger than fht' Jitter level of 0. 1 5 ITl 
specified in tlve standards for mixIiilaUori fiequencies that 
apj>n>ach or exceed die instnmteiit's ntaximtmi IF bandwidth 
of 10 lUIz. 

Jitter Tolerance and Jitter TVansfer 
Jiiiei fuk^mact* iuid jitter transfer mv hodi stimulus-re-Sponse 
measiu'emenfs. At each jitter motiul at ion frequency, the 
ainonnt of specitleti jitter is applieti to the device imcler test 
(DITT), and its response is ol>serv etL As stiown in Fig. 2c, 
The IIP 7150 IB monitors the Jitter level on I tie cloel< output 
of the pattern generator on Cl'^annel 2. Tlie instn intent uses 
Its various sinusoidal jitter measuring techniques to acyust 
the aiuplitufie of tlie IIP 3325 syntliesizer to calitjrate the 
jitter level un llie elotk soiu'ce to ty]jicidly belter tiian 1% 
accuracy- Ttii\jilter on tlie c*locl\ soiux't* is then triuisi'ened 
equally to both the tiata anil clock outputs of the IIP 7084 IB 
fjiiltem generattir Tlie jittered data output is applied to the 
Df 'T Tlie HP 71 50 IB inclufles built-in input Jitter ainpliturle- 
ver-sus frequeruy leniplab^s <'nnespondii!^ (o ( )t'-12. fX-lS, 
STM4. and STM-10 triuismission re<iinretnent,s. In add il ion, 
the user can (Tcaie imd etlit custom ininit ternt>lates, which 
can be saved to and retrieved from a HAM card, hi Vi^. 7. the 
maximum S(*M;i!>le Jitier aniplii udt* is shuwii Tor Mu^ system 
relative to the jeqiiiroriient of llu' (K -18 in[)ul inuijlate. The 
niaxinium measurable jitter of the HP 7 151) IB is SO V\l peak- 
to-j)eak foi" the unali^Lsc^d nieasiueitienls, find 0.7 I'l i)eak4o- 
jjeak for the riliiLscd nit'a.surenieiUs. Over most of thejiller 
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fr€*qnency rajige. the maximum jitter amplitude is limited by 
the phase modulation tapability of the IIP TOMllA eloek 
source. In any case, tlieye maximum liinirs are well in 
excess of the retiniremenls of the standard template. 

In the jitter tolerance test, tlie error performance ofttte DVT 
is monitored by the 70842 B error performance analyzer The 
aim of the test is to determine if tlie DUT's error jieifoiTnance 
is dc^flraded by jitter at a spcx'ifietl frequency imt! amplitude 
level Hg. B si lows tlii^ if^sTiK of a jitter tolerance nteaisure- 
nient niatle on a citjck and <liila recf)%'tn>' t ircuit. llie input 
template was the st*tndani template for 0C4Sj which corre- 
sfionds lo a clock rate of 2.4H8;12 (Jbits/s. Boxes correspond 
to int'iLsiiremeiu points that jjassed. Xs intlicab^ measure- 
mem poirUs ihal lailerl. Either hit terrors or a t>articular c^nor 
rate um be selected as ttii* ffuhne criteiion. 

In the jitter traiuifer test, Hit' jitter on the DUT's recovered 
cltK^k ouiptn is tnonitored on channel J of the HP 7 150 IB 
and conii>ar(H! \o tfie iniJiit jitier on channel 2, Tiie ratio is 
(luMi t Dinpiited. This tt-st is riHinired b> ensure that tmce 
installed in a sysirni. thesr i It-vires vvou'l sjgnilu anily in- 
crease jitter iii iiny pari of the spcctnnn. A cascade of simi- 
lar devices, each with just a small increase in jftrer, could 
result ir\ an untnana^eal>le jitter level. The standards s|>eclfy 
a niaxiniinn value of Jitter tiansfer of only 0.1 dli ii|> to flie 
sijecitled handwidlli of the clock recover>^ circuit. This level 
liiis heeti difficult to measure accurately. The HP 7 150 IB 
with its two matched ini>ur channels lyi>ically makes this 
int^asurement with im accuracy of Imiidredlhs al'n dH. Shown 
in Fig. i* is a jitier tiaiisfer tneasnremenl made ou a DI '[ at 
OC-18, The solid line corresijonds to the niaxiniuni speciOed 
jitter level af a given frefiuency. Th«» l>oxes correspond to 
m eas u rei ri ent po i ri 1 s 1 1 1 at 1 1 asset I . Xs rt.J iiespoi id to n i easi i re- 
ment |>ointBfh«it Tailed. Failines. ifthey o< tnr, tyi)ically 
occm near ihe h.iiidwidtli liniii of the eloek reroveiy circuh. 

Jitter Generation and Output JiHer 

Bulh die Jilier ^ener;niijii and iinlfin! jitter le.st.s are itu^asuii^- 
ntents f>f intrinsic random t>hase noise in a specific bimd- 
widih wilh no external jitter applied. Tlie IIP 7 150 IB uses 
the same measurement procednre for hoth jilier generation 
ami oiil|Mil jilter, eaten luting hntli the peak-to-|>(^ak and nns 
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Jitter Transfer 
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Fig, 9. Uf.'-4HJiMi'r l]TiMftf<T mr-ii^siirciTipnt i.>!i n 1 KT 

Jitter volues. The ijj)per end of tiie mecLsuremtnH tiefiiiency 
range is set by the limchvmi' l>mnip^Lss iUter. Mliuwrt in Fig. 2f. 
whose center frecinency is equal to tJie clock rate. Tiie low- 
fieqnenc*y limit is imphMiiented in the folio'wing niajuier. For 
eac4i irKsirunieiit sweep. tlR^ piiase noise wavoform is com- 
puted and an KM' is pt^rfonnetl A liij^h-pass (]\\vi tiinclion is 
inipleinented by juullipiyhig tlie appropriate elements of the 
Fourier transfonts by zero. The santijle frequency is chosen 
so that an intt^gi^r number of zeroed elements comes within 
die chosen acxuiracy tif ^% lV>r I he filter rulofrrreiiueiiey. This 
results in a sample freqiiemy fhat is ai^iaoKimately KM) times 
die cutoff frequi^iHy. Slut e aliasing will otriir if the sigjiiil 
bandwidth exceeds hah' the sample frequency, the anipiitnde 
of tlie Jiller function is limited so that the resulting b;ind width 
is less than oil limes the cutoff frequency. Oy sotting the band- 
width in Carson s rule to 50 times Ihe cutoff tVequency and 
working l>arkwimis the rnaximmu nietisiuahle iJeak-to-peak 
n as a fund ion of fretiuency can be detenuiued: 



LTIji^axCpt'iil^-to-peak ) 



(^-i). 



Up to 7.6 VI peak-to-peak can be measured at the highqiiiss 
ciUoff fretitiency, with the measurable limit decreasing as 1/f 
at higher IVetjiieneie.s. The .stiuulmcls specify maKimtnn lijuits 
of 0J5 VI peak-lo-]veak and IS^ 11 [leak-to-faeak foriui entire 
bj:md width, which affords a conitbnaljk^ amount of measure- 
ment headroom, as long as the mtrinsic jitter spectiiun falls 
off as 1/f or fasten Finally, the baiidlimiled result is trans- 
formed bark into I be I hue thnnain. wliere the peak ])oshive 
and negati\e jjirase excursions aie ntited arid liie stiuart^s of 
all die samples aj'e sunuue<k Wlien the requested number of 
sweeps has l>een c^oiiipieted, the mis value is calculated 
from tlie sum of the sijuares, ShowT\ in Fig. 10 is a jitter gen- 
eration measmement t>erfonued cm ati t)('4H clock !ec'Over>' 
circuit. The specitled cutoff trt^ueney is 1:2 kHz and the 
measurement hmii is 10 mil rnis, 

Summarj' 

Jitter meai^urements on components of higli-speed telecom- 
niumc*atson systems are necessary to ensure kiw-error-mte 




J IT TEH GENERBTIOM RESULTS 
Cutoff Frequency - 12M^ l^Hz 

a3.Bt5E'a3 UI p'p 

5.51HE-a3 tJI rms 



Fig. 10. nC-48 jitter generatitjn nie.isiiiHniciit uii m 1)1 'T. 

transmission and are requijcd by Ihe industry standards ttmt 
defme tht^se systems. The IIP 7 15U IB jitter and eye diagram 
analyzer was designed in response lo customer needs to 
make these measurements at the high trmiSTnission rates 
cunemly employed in oi>tical systems* The HP 7 150 IB can 
IxTfonn the industry -slantlard jitter tolerance, tn^isfer. mid 
generation measurements. In a<ldition. its u measure me nt 
technique is frequency-agile, billowing measurements to be 
made at proprleiafy tr;uisniissicjn rates. Finally, its diverse 
jneasiu^ement capability allows it to be used for diagnostics 
and Jitter analysis. 
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Automation of Optical Time-Domain 
Reflectometry Measurements 

The HP 81700 Series 100 remote fiber test system is a first-generation 
system consisting of a personal computer controlling one or more OTDRs 
and optical switches. It is well -suited for automated testing of small fiber 
networks such as company networks- 

by Frank A. Maier and Harald Seeger 



The world of teleconiniimications is cliangirig ver>' rapidly 
from a voice-based, nationwide network to one that is 
senice-oriented and intemationai. Tlie network has to be 
capable of transporting %oice, data, and \ideo. New reciinol' 
ogies like SONET, SDH. ATM. and SS#7 help meet xhe iiv 
creasing tlemand for new sendees. However, die resulting 
complexity of the network calls ior a higher degree of sm'- 
veillance and management than the traditional network. 

One of the driving forces? of this multimedia age is the capa- 
bility of optical fiber to supporl high Iransniission rates. 
Telecom operators iilready have laige ins (ailed bases of fiber 
cables and are continuing to deploy tiher to nieet the grov^ing 
demands of their customers for new services. Il is becoming 
increiisingly important to have a more cost-effective niainte- 
nance strategy for the Ober-optic network than is in place 
today, Hie traditional method of using field-portable optical 
tmie-dun^ain reflectonieterH (OTDRs) needs to be tomi>leni- 
ented with an automated testing scjktt ion. The IIP 817Q0 
Series 100 remote nber test system (RFrS) is designed to 
meet this need. The RFTS helps improve overaU network 



rehaljility anti nimntainability and reduces operating and 
maintenance costs. 

The HP 81700 Series 100 HFTS is a first-generation system 
consisting of one or more OTDRSt an optical sv^ltch to share 
each OTDB between many fibers, anci a personal computer to 
control titese devices. The controller Is capable of accessing 
several OTDRs tltrough tlie nom\al telephone network by 
using moden\s.^ Tlie system is showiT scheniaticiLilly m Fig. L 
It is based on the HP 8l4f3A OTDR,^ and tlie optical smtch is 
supplied by an OEM panner. Fig, 2 show^ an example of this 
system. 

Systems of this kind provide fast, acctirate fault location in 
case of an error and ser\^e as a tool for preventive niainte- 
natice. allowing the analysis of long-term degradations 
tJirongh automatic penodic measurements. They are veiy 
effective if only a small system is required, for example for a 
small network of a private net woik (Jjjerator or for a cot^i- 
tiany private network. How(>\e[\ the.se systems ate propri- 
etaiy and do not provide full integration into die operations 
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Transmission Carifs 



Fig, 2, A (yinut^l HP 8] 700 Seriei^ luu j'i-^iihUi-' I'WiPi lest yysleiii. 

system of a telephone operating eoiiipany. For this reason, a 
system of this kind ean only be im inteniiediate step to- 
wards a solution of nnidi higher complexity.'^ 

Using ihp RFTS 

There aje three main nieiluKls of tanking on I aulfJinated 
tesUiig of a fiber iink iislng I he UFVS. The fusl is testing of a 
dark fiber* tJtat is, a spm'e fiber within a cal>le thai is never 
used foi' transmitting triiffir. Belleore states that 8(1^4 of all 
eiTors oeem' on the whole eable and not on an indi\idual 
fiber, so with this method there is a higts bntnot lUM cer- 
tainty of catching the eiTor.^ With dai k fiber testing tltere is 
no intetference between tlie transmission signal and tiie test 
sigiial. 

The second autoniaied U'si ntelliod is testing nf an acfive 
fiber iiVHeniee by using waveleiigih division niulliplexing 
(WDM), as shown in Fig. 3. For tiaditional systenis in whic li 
only a wavelength of 1-31(1 nn\ is used foj' tiansmission, the 
me^ismTment can be performed at 1550 nm. Tills is obviously 
not possible if either the transmission wavelength is 1550 mn 
or an upgrade lo a 1550-mn system is being contemplated. In 
this case iut oiit<jf-iransiuissiotvl>imd wa\elengili higher than 
1560 mn niiLsi be useff t unently there is a trend towards 
monitoring at a t^enter wavelength of 1G25 mn. Tills wave- 
length Ls a good comiDJtjmise: it is not too close to tJie tians- 
mission band, wiiich reduces the requiremenls for the WDM 
waA elength sepaiation, and it Ls not too highs wliieh aDows 
acceptable OTDR perfonnaiice. (Increasuig tlte wavelength 
decretises the dyninnic nutge of ati OTDR. ) This method of 
testing the acti\ e fiber leads to 1009trsuneillance of tlie net- 
work. However; the need tor WDM equipment means higher 
link losses and liigher coat. Because the WTM equipment is 




Fig. 3. Active Cin-seA'icL<) fiber [esiiiig using wavelength division 

[iiijJtipiexing. 

nonidea!, there is interference between f!te f)Tl)R signal and 
ilie system signal, whieh must be mialyzed carefully. In many 
aj>i)Ucations no significant system degradatitju sliould occun 
Htjwevei; it may be neeessarj- to incoi-jjorate additional filters 
into the link. 

The tMrd automated tesi methoci is tejsting of an active fiber 
out-of-ser\'ice. Tins techniqne can be used if there is enough 
bat kup capacity scj liie signal traffic can he leioutetl dunng 
the nieasttremenL This method can be performed with the 
same wa\'eleng!h as the transmission signal, h does not 
need WDM equipment or additional filters but only a device 
to con^bine the system signal and rht^ measurement signal. 
This can be eitiier a w^avelengdi independent coupler, which 
is a low-cost de\ice but adds a '3-d B loss to the link, or a 
J-by'2 optical switch, which lia^s less insertion loss but is 
extremely expensive. This method may be vei^ stiitable for 
a thial-ring siiiK/fiire l>ecause traffic can ahvays be rerouted 
throtigh (he other ring. As shown iii Fig. 4. the IralTic thai is 
normally routed directly from A to B can Ije rerouted via E, 
D, and C \i1iile the measmement is ijeif ormed. 

Overview Window 

The RFTy tests tlie^ fibers of a ne^twork ant] informs the user 
if changes in the total link loss, or at specified points along 
the fiber, exceed the tlu'esholds the user sets for acceptable 
performance. There are two levels of alarm, TIte Hi^t is the 
wai'nuig le\'ei. and the second is the failure level. 

A sunmtary of the status of the fibers untler test is gixen in 
the oveiTiew window (see Fig, 5j, If there ajT any fibers 
with failures these are listed at the top of the window and 
aie mai'ked \\ith a red liglit. (Wlien prinietf I he red light (jn 
die PC screen is shown as a l)ox contamhig the woici FAIL, 




Fig* 4, In a fiual-nng network, fibers tan Ise taken out of service for 

lasting \\tiile ti^ffic is rerouted to the other ring ((ft^Pfwite direetion). 
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Fig. 5, RFTS ovemew ipiindow. 



as showTi in Fig. 5.) Fibers with warnings are listed in the 
niiclclle oft fie overview window iuid iirv niarketl w^itii a yeUow 
iight (printed as a box containing The word WAJSN ). Tiie red 
or yellow light staits Hashing wlien the IIFXS detects any 
new tlulure or warning. As long as no measurement result 
triggers any of the waming or failme ciiterias a green light is 
displayed. Thus, the operator gets a quick picture of the 
overall stalus of I he fiber network- 

Report Window 

Selecting More in the overview w^indow^ shows tlie report 
wiivdow (Fig. (>), whk:h lists alJ fillers of one specific location, 
riu^ report window uses the saiue color scheme as tiie over- 
view window: a red background for fibers witli ftiilures, a 

f)ceess Config Heasurenent Report Help Quitt 



yellow background for fibers with wanniigs, and a green 
background for fibers witliout slgiiificanl changes, llie user 
can select any of 30 supported k>cations. 

Trace Window^ 

Tlie user can examine fibers in greater detail by fiouble- 
clicking on the tisi entiy in the repoit lAindow. Tlie lesulting 
trace window (Fig, 7) shows the cunent aitd reference mea- 
surements of the selected fiber, the fiber identification infor- 
mation, the o\erall icjss of rhe fiber, and the measurement 
paranietei-s tliat were used \o take the OTDH measurements. 

Ttie user can set a movable marker and zoom the trace 
around this marker 
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Fig. 6. RFTS rejjorl wirulow. 



Fc-h n lary 1 mf^ How tti t - P;i t- karri ,k n irriril 5 9 



)Copr. 1949-1998 Hewlett-Packard Co. 



Access Cenfig fl^ii;;urgtT<?ni Report Help Quit! 



ET 



Fault Locatfan 



TU 




Heas. Start 
Heas, Span 
Djst* Range 

Pulse Width 
Uaue length 
GrDUp Index 



S^.m?i kn 
long 
1 us 
1565 rm 
1.4580 



Fiber; fib-B02 
Current Loss : 
Reference Lossi 
Cltange in Loss; 



12.74 



Cables cal>-082 

dB Keas* Date; 

dB fkf. Date I 

dB Change in Power; 



B3/13/94 



10.47 



03/13/94 



2-27 



.00 



u]|<>|><|x^|/s| [i:^^7-^i ] jcij^ 



FAIL 



m 



Start Karker: 0.S30 kn 

End Marker : 44. 500 km 
Heas. Time ; 1 nin 



11*6»- 






















fl.ftff' 












\ 










7^9- 












\ 






















\ 










3A9- 












1 


_ J 








1»i»'' 












\ 




^ 




" ' 


















" 














^_ — _^ 












-f.39- 









If 



36.0 m 
Free 



Hessage: 'Start RflS Progran 



HEWLETT 
PACKARD 

Remote Fiber Testing System 



TIHH: 17^59:00 
DATE; 09/21/94 



Warnings 



Failures 3 



The? niiTenl loss result, the reference loss result, aiid the 
change iii the total link loss are shown above the traces. The 
loss is calculated as the difference between the power levels 
at two user-definable markers. 

This screen also shows changes in latmch power for the 
purpose of preventively maintaining the OTDR. Tliis infor- 
mation can indicate when the hiser power of the OTDR is 
degrading and repair is reiiuired. Without this iiifoniiation, 
the system mighl signal a warning ov faiUire on a good fiber 
because of a prt^blem m tiie UTIJR. 

Configuring a Fiber 

The RFTS offers tw^o user access levels: one st:andard user 
level m\(!^ one password protected leveL The standai'd user 
access le\'eJ allows tlie user to monitor the system conBgma- 
tion mid measmcmcnt rcstilts. Tlie password protected usei' 
level allows an authorized user tu configui e and operate the 
system. 

During configuratiou the user pro\'ides the infomiation to link 
a fiber to the corresponding optical snitch pon at a specific 
location. Tlie iufonuatiuu for a fiber consists of the location 
mmiber and the channel number of the switrh. the ID of the 
cable to \\'hicii the fiber belongs, the ID of the fiber, text 
fields to store names ai^d addresses of responsible persons 
for installation and maintenance, text fields to store emer- 
genc> iirocedures, the date when the channel was configured, 
the date wlien tlte referervce nu^tsurertient Wiis taken, tliresli- 
okls for warning and failtne detection, OTDR parmneters 
used to take measurements on this fiber, and information 
about cable access points that provides a map of tlie geo- 
graphic positions of fiber locations or events, The user can 
deactivate a tlber. which nteans I he fiber will ttot be mea- 
sured in the future if the user starts a continuously c>'eling 
measurement or if the system starts a perio<iic nieasiu*ement. 
This is helpftd while a broken fiber is ui^der repair. 
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rig. 7. RFTS trace window. 



Measuring Fibers 

Tlie RFTS makes two tyi^es of measurentetus: reference and 
actual. Reference measurements are those against which 
otiiers are compared to deterntuie the condition of the fiber. 
Typically, Lite tiser takes a reference measiuement when tJie 
fiber is newly installed and is known to be m good condi- 
tion. Actual measurements give the ciurent condition of the 
fiber. The user must take a reference measurement before 
ihe filler can he tested automatically. 

The RFTS offers several ways to group measurements of 
fibers: measure a specific cal)le» measure all fibers at a spe- 
cific location, measure all fibers at all locations, measure all 
fibers at all locations continuously, or measure all fibers at 
all locations periodically at a specific time. 

Detecting Failures on Fibers 

Ai\er a reference measmement lias been taken, the OTDR 
scans tlae trace for anomalies. Tlie algoritimi builds an event 
table that lists all reflective events (connectors, mechanical 
splices), nonrefleetive events (splices), througit loss and 
reiunt loss values of tJie events, and the attenuation between 
two successive events. After each actual meastirement. the 
flat a is compared \vith the reference measuiement event 
tal>le. Any problems identified are classified as warmngs or 
failures. 

The RFTS first calculates the total link loss of a measured 
fiber from the ac tual measm'ement data. The change in totiU 
hnk loss is tested against tlie channel-specific wanung and 
failure thresholds. If the change exceeds a tlireshold. there 
are two possible reasons: degeneration of an existing event 
or one or more new events, 

hi this case the RFTS starts a new scan trace to find miy 
new event, perhaps a new fiber end if the fiber is broken. 
Tltese new events ai'e merged into the actual measurement 
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event table. The actual event table is compared w^ith the 
reference event table event by event. The loss values of all 
e\'ents are checked agaimst the event loss thresholds. The 
user CLm detine absolute thresholds for tlie thnjugli loss oj' 
nonrHleciive event-s. change tbreshokb for llie tlirougli toss 
of nonreneetive events, absohite rlire^jhokls for tiie throitgh 
loss and i^tnm los.'s of reflective events, change thresholds 
for the through loss and return loss of reflective events, and 
chanfjetbjesholds for attenuation between successive 
(events. If any of thest^ thresholds is exceededt a. w^iming or 
failure is sigjialed on this fiber 

Locating Failures on Fibers 

j\fier the RFTS has sti any waniing or failure on a fiber, the 
trace wijidow shows a red or yelJow line al the location of 
any event that failed one of tfie tests. The location and the 
lyp(} of a failure or warning is listed in a fault location box at 
the top of the trace window (Fig, 8). If the user sets up land- 
juarks^ the cable access points list box shows the fibei^ dis- 
imwe to the prei-ioiis and the next laruiniark, if existing. The 
RFTS aidtmiatically prints out this infonnation if the system 
is (configured to do it. 

History of IVace Results 

(Did measurement results are backed up to a sepanite direc- 
toiy before mxy ^le\^' iiiejLsiiiernent is taken. To present the 
hard tlisk from l>eing lilled up with old <l;itrL, Ute user Ckm 
specify a time iieriod jifter which tlxe backup data will be 
deleted from tlie hard disk. 

i\fter a new reference mciLsureiuent hiis been taken, the 
R¥TH creates sumniaiy files for any nieasured fiber, A sum- 
mary' file is an ASCU file containing niea^surement ]>arame- 
ters, liaie <okI linu\ rotal link loss, ajid eveut table re.su Its of 
tlie reference nieasurenient. The tntiil link loss and event 
table results of any ongoing actual nie^Lsurements are ap- 
pended to this suminaiy llle. Tbus. the RFTH gallic^rs histtiii- 
cal iMformatJon on Uie fiber n(:Hw^^>i'k Since the sumniaiy file 



Is an ASCn file the user can load this infonnation into chart- 
ing programs or spreadsheets or store tiie information into 
databases. 

Printing Reports 

The user t an print reports of the tiber status (Fig. 9). The 
report consists of a list of aJI active channels, showing for 
each channel the channel mnnber. the fiber identification, 

HPet7D0 Series 10O He vvl en-Packard Remiste Fiber Tesiing System 
Location l: Stuttgart 



CM# CabJe ID Fiber ID Dare Tiire Change 

1 CABLEZ LlCl 07/2D/94 16:13:09 0.0 dB 

2 CABLE? L1C2 04/16/9410:25:35 0.?dB 

3 CABIEI L1C3 04/29/94 09:17:27 0.5 dB 

4 CABIE'4 11 C4 04/18/9410:28:04 0.1 dB 

Locsttofl 2: Freiburg 

CH# Cable ID Fiber IP Dale Time Change 

1 CABIEI L2C1 04/19/9410:29:32 0.8 dB 

2 CABlE-2 L2CZ 04/18/54 10:31:00 4Jd8 

3 CABIE-I L2C3 04/18/9410:31:41 0.0 dS 

4 CABLE-1 L2C4 04/18/94 10:33:08 1 dl 

Locmion 3: Tuebingen 

1;H# Cable ID Fiber ID Date Tfme Ctiange 

t CABDOI FIBEH-I 07/2D/S4 f l:S3:3G DO dB 

2 CABIXI1 FIBER-2 07/20/34 18:55:47 0.1 dB 

3 CABCXn FIBER'3 07/20/94 TS:47:5a Q dB 

4 CABD02 FIBEH-1 07/ZO/94 1S:50:11 dB 



Ucaiie^n 6: Heidelberg 



cm Cable to 

1 CABLE-I LGF1 

2 CABLE-2 L8F2 
2 CABLE-2 L6F3 
4 CABLE 1 LGF4 



Fiber 10 Date Time Change 

04/18/94 11:21:53 DJdB 

04/18/94 11:23:20 14dB 

04/18/94 11:24:49 G4dB 

04/18/94 11 2G:1G Q.I dB 



LocailonS: Munich 

CH# Cable ID Fiber 10 Date Time Change 

1 CABLE 1 L9C1 04/18/9417:52:47 0.4 dB 

2 CABLE'1 L9C2 04/18/9417:54:15 0.0 dB 

FlK- 9. Fiber tit^lim rcpujl , 
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the cable kientificauoii, dale aiid tiiiie of the last measuip- References 

nicnt. and the vlumge in total link loss since vhe htsf rt^fer- I. HFHl fOO Stries 100 Rnnuh^ Fiher Text S^f^fetu. Uewlett- 

eiicc was taken. If the measuienieut. has crossed a warning Pmkimi iniljIUation nn. r^om^oojiE. 

or failiu e limit, the report also shows Uaia infbrmailou. ^^ ^1- Bdk^ aiKJ W. Ple^s. 'A Modulm^ All-Haul ( Jptu al Timenomau^ 

Reflet tcjiTif'ter for t hiiracterizini^ Fihrr Links' HeirdK-Piakant 

Reports can be ntanually printed for a single location or for Jounmi, Vol 44, rm. 1. Fohniao' is:»st3. pp. 60-52. 

all configiuecl mid activated locations. Re|>oi1s can also Ire 3. fa. Maier, "'Din Evolution of Fibr^r AnaJysLs." rrocredhigs of 

printed autoniaiirally onct^ per day, once t>er week, or once NFOEC 199-1 

per month. The user can configiire the sysleni to print on I £m l. ,rw. Peters. "Integral ed AiJinciarh to Eeniole Fiber Test Systems/ 

alanned trace automati(*ally when die alarm occui-s. Prm'p*^iimgs iffNFOEC lijm. 
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Design and Performance of a 
Narrowband VCO at 282 THz 

A single-mode optical signal source whose frequency can be 
voltageH:ontrolled has been developed. We describe its design 
and performance. 

by Peter R. Robrish, Christopher J. Madden. Rory L, VanTiiyl, and ^lUiam R, Triitna, Jr, 



The develop II lent of extensive fiber-optic networks has 
inrrea*ied the spectral range of rommmiication carnei's to 
frtH|uetKies in exre.sj^ of 2i\i) THz i wavelength = 1500 nm). 
Test iiLstrinnt*nts designed Ibr use with such systems aiid 
their components often require signal soiu'ct^s with good 
frequency control and spectral pimtj\ 

A great deal of process lias been made in the development 
of l>i"oadl> tunable optical sources witli spectral lincwitidis 
less ihirui 100 kHz. Tliis has led to the developmenl of cam- 
iiieicial instruments such as the HP 81f>7A and HP K 108 A 
t tillable liLser sources,^ whicti use a seniieonducior laser 
chip for amplification and the combination of a grating and 
<jn etalon for frequency ct^ntrol and timing. In this aiticle we 
describe km iilleniare approai li \u tunable laser sources tiiat 
has high speeti'ai pitrity and \ eiy rapid tmiing.- 

Noise ctuuacterisiics of die electricaily excited semiconduc- 
tor tunplitier place limits on die spectral pmity of the signal 
source. The noise characteiisticis of tlie ampiifying medium 
ciUi lie improved by using an ot^tically pianped ciystal and 
that is the appiuacb taken hi tlie design of (he oscillator 
descnl>t>d in diis]):i|>eir. However to achkne sutjsiantially 
improved spectral f)urity we sacrifice broad tunability. 
Tlverefore, the resulting source wLLi be complementai'y lo 
,sernicondactoi Ulscp sources, niakiug it pos.sihle to addres?; 
ii|iplicati(jns dial require \eiy high sjiectral pnritj' within a 
naiTOw rarjge of fretiuencies- 

Lai^er Description 

A laser Ts an oscilhilor <iperatiiig at npilcal fref|neiuies. [ike 
ail osdllaiorSf it consists of an aiupbtler luul a tneaiLs for 
applying pojiitive feedback to that amplifier The tuning 
range of an oscillator is the set of frefjiiencies for which the 
gain ofiiie iiiiipliller is large enough to c(mipensate for 
losses in the syslenr To eiLsurp single-frequency oscillation, 
f)ne must design tlie feedljack mechanism to allow oidy dup 
frequency within the antplifier banclwidth. 

In an optical oscifiator, fitted back is supplied by refiectors 
thai form a resonant cavity containing the amplifier. The 
spacing t if the leflecrors detiiinines the axiai resonant 
modes of die <avily Each ( avily mode correspimdN !<> a frc- 
(iuenty for which an integr^il number of half wavelengths of 
oscillation will just fit within the canity. Since typical laser 
eavitk^s have lengths nnK*li greater th^m the optical wa\e' 
lengths, a larg(? numtier of opi ical niorles can Lie defiiuHl liy a 
particular ca\4ty configuration- The frequency s|>a(ring Av of 



these modes is inveraely proportional to the ca\it>'' reflector 
separation: 

Av = c/2nh 

w^here Av is the frequency spacing, c is the speed of hght. n 
is the index of iTfraction of the material in the cavity, and 1 
is the length of the ca\1t^. 

The amplifier in the system we liav e built is a crystal of 
^Itrium ort ho vanadate. W(.),i, ttopetl with L5% neodymium. 
The Ntl atoms displace someoflhe V ahnns in die ciyslal 
stnicture iind provide Nd'^~ ions tiial iiave a set of energy 
levels that can be optically excited by the output of a semi- 
conductor laser operating at S08 nm. Tlie excited Nd ions 
can then emit radiation over a frequency range of about 240 
GHz centered at 282 THz ( 10(>4 nm ). Tliis emission vmx 
ot*cur sj^ontaneoiisly or can be stirnnlaied by the presence 
of anibleiU 2S2-THs: radiation, an qdi tying ih 

Since the Eunplifierbandwifltli is much narifiwer than the 
9-THz luindwiddt ofthe semicc inductor tbiiis usei! in I lie HP 
816T/8A laser sources, w<^ ran use a rt^ahvt^ly simple sriategy 
to ensure that ihis laser will uperate ai a single* trequetiey. If 
the cavity is made short eiuaigii so that its freqiieiuvv spac- 
ing is greater tlian tht^ f*missit>r^ frequency r^uige of ilie NtP^ 
io!is then the c^ondilion for single-mode operation will cer- 
tainly be satisfied. The iiuiex of refraction of tiu:* Nd: WD4 is 
about 2.1, so the cavity must be less than about 0.3 imn long 
to ensure singk^-frecjuency operation. For a cavity longer 
than 0.3 mm. one can still ol>iain singh'-fretjnenfy operathin 
by controlling die length so ilial one (if the <"avily modes ha-i 
a frequent y near tiie i^eak Irequency of ihe amplifier gain 
curve. However, as the cavity length is increased and the 
mode si>acing fieri eases. It becomes more likely that a sec- 
ond mode will have cnongh gain fo o.scilUitc. This impHes 
that the cavity must be asshoit as pracdcril, i>ut iwi^d lie no 
shorter tlicut 0.3 nun. 

The requiremetil for a slioit cav ity difj\ e the choice of laser 
crystal. Of all Nd-doped crystals avallat^le in reasonable 
Cijiiimercial quantities, Nd:W()| is an ideal laser tnaterial for 
Ihisajiiilicalion because its Nd ions i^xhiliit a high inobabil- 
ily for absorpticpu ofHOS-jim light fioiti 1 1 mi mere iaily avail- 
able dit>de lasers ;ind vety effu ient reeniissioii of light at 
1 0(i4 nm. Tills means that a small amount, of the material t:^n 
have enougli gain to reach tlu^ threshold fi>r lasi'r action at 
modest levels of optical jtumphig t^^^vver, In addition, ihe 
emitted radiation is preferentially polarized along one of the 
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Fig, L Di'itign sjf Lhe luirn^v baju! laser oppj-ating M E82 THk 
(1004 mn). 

Ci^stal axes so that only one of ihe two possible stales of 
polarization for the laser's outjiiit is at t ually available. This 
is iiopDrtai^l, since the crystal hiis different indexes of re- 
fiartion for light polarized pajallel to different crj^stal axes 
(liirefeingencej so rliat I wo (inhogontiUy polaiized beams al 
different irequencies are, in pnnciplet possible. 

To tune tlie laser ft equeney, i1 is necessary to eliange the 
optlral leiigfli of the laser cavity by varj^ing eitlier the geo- 
niedical distance hetAveen I lie refleclors lliai dcliiic the cav- 
ity or the index of refraction of the malerials contained in it, 
Oiu' dcsi^ makes use of the electrooptic effect u\ li lb nun 
tatitalale, LiTaO;^ to vary the index. An elertrooptically ac~ 
ti\ e nmterial responds lo the pic^sence of an electric field by 
a small change in its re Tract ive index (hat is proportional to 
the apphed field. Including soine of this ttiatentd in an opti- 
cal ca\ity makes it possible to change the frecjtiencies of tlie 
resonant canity modes by aj^plying a voltage to the inaieriai 
Since the change in refractive index is proportional to the 
electric Held, it is advantageous to make the gap across 
which voltage is applied small resulting in large tuning for 
relatively modest voltages. The advantage of t^lectrooptic 
tmiing is that it can be veiy fast , I i nii t ed p i i 1 1 s; i ri 1 > by the 
capacitance of the sniictiire used to denne iJis/ <1ectric Oeki 
in the material. We were also able to tune the laser slowly by 
changing its temperature to vaiy the geometrical lengtli of 
the cavity . 

Laser Design 

Tlie laser design is shown schematically in Fig. L The com- 
posite laser cavity consisHng of a 0,2-nun-thick piece of 
Nd:W04 aiifl a {l4-nnn- thick piece of LiTaC):^ is assembled 
on a tiTu^sparent substrate. The crystallographic axes of the 
two pieces are aligned before they ai'e ghied together on the 
substrate. One suri'ace of the LiTaO:] is ground to a sphericd 
CLUv^atme. All other surfaces are flat. The cun eri suiface is 
coated to be liighly reflective at 10()4 nm ai^d completely 
transmittmg at 808 nni. This surfat-e fonns one end of the 
hiser resfinant ca\ity and the enti'ance window for the opti- 
cal pump ligliL The ilat suriaces of LiTaO-^ and NdrWOj that 



are joined together are coated lo be completely transmitting 
at both 808 mid KKM nm. Tlie flat surface <^f i he Nd: W( Ij 
that is glued lo tlie substrate is c:oated to he Iiigldy rellective 
at 808 nni and ptirtiafly reflecting at KHU nm. Tliis surface 
defun*s the second boundary' of the resonant cavity anfl its 
panial reflectivity allows some of the rirculating t>f>wer U> 
be cf.)npk ti out of the cavity, fonning the iasei's output 
beauL Higii reflectivity at 808 mn allows thc^ pump beam to 
pass through the laser twice so that a larger fraction of its 
powder can be absorbed by the active material. 

The ciuvana'e of the canity niiiToi"s detenuines the spatial 
stnicture of cavity modes. Just as the boimriary i (jnduciojs in 
a niicrowave cavity deflne the spatial strucnu'e of the inicro- 
wave modes. The t^ptical transport system for tJie pump 
light is designed lo excite only the iow^est-^rrder spatial 
mode defined by tl\e ca\ity mirrors, since dilTerpnt s|)atial 
mtxles iia\'e slightly tiiflerent resonmit freqnencies. The con- 
cave minor radius was chosen to tlefine a ca\1ty mode of 
small diameter because Ihe pump power direshold for laser 
action depends on the square of this dimension. The require- 
ment for small niin'or radius is balanced by ijractical fabrica- 
tion constraints mid the requiremeiK that the ffxusedpump 
beam be small c^impared to the laser spall al nnnle siise 
tlu'oughout the amplifying material. 

After the comi^onent parts are attached to Ihe substrate, 
elecd'odes ai'e formed by cutting thiough hoth crystals lo 
form two phmai' smfaces peqjendicularto d\e JJTaC >:i crystal 
axis with the lai'gest electiT>ot>tic coefficietit. These surface!^ 
stt addle the optic axis of die lasei' mKl are separated by 1 
mm. It is hnpoiiant to locate the cuts accmately because if 
the optic axis is not contained in the structure remaining 
after the cuts are machN the laser will not operate. After 
scrap material is removed, gold electrodes are evaporatt^d 
onto tlie cut smi'aces and part of tlie surface of the sub- 
strate. RibbtDn bonds connect the electrodes to traces on a 
small printed circuit board, antl these traces are soldered to 
a coaxial cat)le. 

The asseml>led laser is pumpc^d by the beam from a single- 
mode diode kiser directeti along the optic axis of the reso- 
nant cavity. A pair of 1 erases are used to fiist collimate and 
then focus the fliode laser bei^im to a spot size less tli^m the 
diameter of the lowest -orfler spatial mode tleflnt^l by the 
re s on y n 1 ca\it y minor s . Th e c o 1 li m at ed pump b< 'at 1 1 pi^isscs 
Ihifaigh a Faraday-effect isolator to i>re\ent refletiiona from 
the laser cavity fiom affec;ting the w^avelength at which the 
diode laser operates. This is important because it allows the 
diode kiser to lie tuned to the peak of the abs caption t>f the 
Nd:WO J crystal. The tjuinp power is controlled by rotating a 
polarizer located in front of the entrance to the isolator. A 
half-wave plate located after the isolator aligns Uie pump 
polarization with the axis of tlie Nd:YVO,j ciystsl having 
maximum absorption at the pump wa\'eieiigth. 

Laser Performance 

Fig. 2 shows the spectra of the laser operating in one and in 
tvvo axial moties. The vs avelength spacing of the moties is 
consistent with the length of the laser ca\ity. Since the mode 
spachig of tlie cavity is ~ IIO GHz and the gain-l)and width 
of the lasing material exceeds 280 GMz, it is necessao' to 
temperature-tmie the laser unt il one of its mode frequencies 
Is near the pealc frequency of the laser gain curve. Fig. 2a 
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Fig, 2. (sl) Specrnuii of the taser in siri^le-axlai-fTiode operation 
(b) Sp^^plFum for iwo-axlal-rnrxip operation- 
shows the spectnini for thai siluatior^ while Fig. 2b shows 
tiie specmim when Ihe rreitueneies of two ca^-ity modes ^ire 
approximately equidistant from the i>eak frequency oftlie 
laser gain euwe, yielding neai'ly e(inal gaii\ for tlie t^^o modes. 

The frequency resolution of the spectra shown in Fig. 2 is 
Limited by the minimum resolution bandwidth ( ~20 GHz) of 
the HP 71451 optical spectnmi analyzer To get l>etter fre- 
quency resohititjn, we cfinibined the output of nvo of tltese 
lasers and coupled the restilting beam Into a smgle-mode 
optical fiber connected to the input of an HP 71400 light- 
wave signal anaiys^er. Tlie IIP 714(H) n\easured the power 
st)eciruin of [he crrosseorrelation of the two laser signals. 
Tlie power speetruni contains a lieat note ai the riifference 
frequency of iJie two lasers. This heterod.vTic signal cotild be 
analyzeci wth the fieqiiency resolution of the HP 71400, The 
spectrum cjf the beat signal is shown in Fig. ♦I The iiromi- 
netit sidebiuids located ^it about Mliz frojn the beat note 
are caused by relaxation oscillation of the lasers. Since tjie 
relaxation oscillation frequency of a laser depends on the 
square root of its oiil put ijowerand the two lasers were op- 
erating at diflert nt [M>wcr levels, one would expert to see 
some evidence of nvo relaxation oscillation fretfuencies. 
Lookijig closely at Pig- 3 one can see a shotilder on the sidf^- 
banfls at the fretniemy of the relaxation ostrillation of the 
lower-power laser. 



Average Optical Power = fl.l dBm 
Resoitiliiin Baiidwidtli = 215 kHj 



^W'^^'^MTy^^'v^'' '^^'''"''^'^(Wiyfif |-«^. 




^B- 



5.2K 5259 5.2£3 5.257 

RF FreqtieRcy (GHl) 



5.Z71 



Fig, 3. Spectrum of a l>eiil note obtmned by comhimng the outpuLs 
of two lasers, 

WTuIe the beat note spectnmi stiO appears to be ri^olution 
[united, it %vas difficult to obtain a spetinin^ at higher resolu- 
tion because the required nieasuremeni time was laige com- 
pared to the drift time of the laser frequencies. To better 
detemiine the spectral quality of die lasers, we measured 
the phase noise of the beat signal using an IIP 8644 synthe- 
sizer as the reference source for die IIP ti048 phase noise test 
system. The HP St>14 is agile enough u.i maintain phase quad- 
rature with tlie laser beat note diuiJig die five minutes it took 
for the phase noise measuremenb The phase noise spertrLun 
for a beat note of 1 GVh Is showti In Fig. 4. This result and 
the voltage-furung ehararrensiics of the laser are sufficient 
to guifle the design of applications of this technology to test 
iristnmientation or communication systems. 

Tlie tuning coefOejent was detemiuied by frt^uency modi dat- 
ing one of f lie lasers and obseivitig the inoflulaied lieat note 
spec! runt as a f miction of modulation power The voltage- 
tuning coefficient was calculnied from the modulation index 
found by recording the modulation power corresiionding to 
the first muiimum in the beat note carrier power. The tuning 
eoefficient Ls show^n as a function of modulation frequency in 
Fig. 5. Above 8 MHz. the tuning coefficient ts constant to at 
least 1.4 GHz where the modulation sigjud becomes obscured 
by the noise floor of tlie HP 71400. The large variations in 
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Fig, 5. Laser voK age- tuning coerfic.ieiLi as a Tuin'tion of nio<'liilation 
freQuency. 

timing coefficient, seen in Fig> 5 are caused by piezoeiectric 
resonances oftlie LiTaO^ stnictiire- It impossible to reduce 
tJie effect of these resonances Ijy joining appmpriate damping 
materials to some of the stnictui'al l>otnularies of (lie laser. 
The d€^ s^alue nj'tln^ lunhig c«>efllcienT is consist enl with a 
calculation bailed on the kno^^v^i electiooptic coefficient of 
LiTaO,! and the geonietiy of tlie electrodes. 

We were able to tune the laser eleclrooptlcally hi single-mode 
operation o\tt a frequency range of about iO GHz, limited 
by the power supply tliar was available. We were also able lo 
temperature- tunc I he laser over > GO GHz with an output 
power' of l mW. Tiie single-nKKle tuning mnge is a derreasiug 
function of output power because higher pumping t>tjwer 
allows a second mode to have enough gain tn oscillate. .41 7 
mW the singlr-modt^ I uning lange had decreased to 20 GPIz. 
wliilebekn^ 1 mW it exceeded 100 Gllz. 

Ha\ing characterized the voltage control and phase noise of 
a free-ninning oscillator, it was natural to see if we could 
phase lock the oscillator to an external reference. Rather 
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Fig. 7. f^liase uaise spetim for a l-GHz l»eal uale for a free laser, 3 
phase-locked laser, ami Uie HP 8662 synthesizer used as a reference 
for phase locking. 

than x\y to lock an individual laser to a 2S2THie referejice, 
we chose the less stnngent task of locking the diflerence 
frwpiency of two lasers to the output of a synthesized signal 
source. To do this, half of the conibined lasi^r lieani was fo- 
cased onto a f^ist piiotfjdiode. The out|jut of the photodiode 
was then combined with Uie signal from die reference syn- 
tliesizer using a doul)le balanced mixcT. Tiie output of the 
mixer passed dTnaigh a loop filler foiisisling ofiwu ampliri- 
caliun stages with ll-^ dH of gain c(5nuef;ted by a lagdeatl 
filter with a pole at —2 kHz and a zero at ~24U kHz. The 
output, of the loop filter was connected to the electrooptic 
tuning electrodes of one of die lasers. Fine acljustment of 
the o\'cralt gain of tin' loo]; was made by vaiying Oie output 
powei' of th(^ refcrfuvcc synthesizer. A schematic of tliis 
systeni i.sshcjwu in Fig. 6. 

With an HP 8662 synthesizer as a reference, the phase noise 
of the locked beat note at 1 Gliz is shown in Hg- 7. Also 
shown for compaiison is the phase noise of Ih*" HP 8f562 
leference. The comi^aiison is {juite encouraging, and we 
behe\ e that additional iniprovenient in the jihase noise char- 
acteristics of the signal can be achieved by improving ilie 
design of the phase-locked loop to extend its bandwidth. We 
have also locked die laser beat note to an HP 8341 sjTithe- 
sizer at 10 GHz. In that case the phase noise (jfthe resuhing 
signal was e(iual tcj tlie synthesizpr phase ntjise for oiTset 
frequenc ies less than about 100 kHz. Our work dcmoastratt^s 
the potential for the use of heterodyne optical signals to 
form a high-ciuality single-fix qui in y snurt r' iIkit ciin be 
tuned from I he audio iian<l 1u tit (|iuii< ivs r\< tt dingOO GHst 
m a single system* 
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Surface Emitting Laser for Multimode 
Data Link Applications 

A surface emitting laser has been developed for use in a multimode 
optical fiber data link. The laser can operate in a high-order spatial mode, 
resulting in a spectral width as wide as one nanometer and a relative 
intensify noise jRIN) lower than -125 dB/Hz in a multimode fiber system. 
Electrical and optical characteristics of the surface emitting laser and the 
epitaxial growth methods are discussed. 

by Michael R.X Tan, Kenneth H. Hahn, Yu-I\lin D, Houng, and ShUi-Yiian Wang 



A platelet teer mth light emitting perpendicular to the sub- 
strate w;^ develoijed by Melngalls in 1065 at MIT linroln 
Labomtoi*>'. ^ By 1971** a pulsed double heterostmc tuie 
InGaAsP surface emitting laser operating at cyi'ogerac tem- 
peratures was demonstrated by Professor Siiemalsii s group 
at Tok^fe^o Institute of Technology.^ Since the late 19BOs mmiy 
reseaich groups havp successful]}^ demons! laleci surface 
emitting lasers tliat were electrically pumped aiid {>peraiing 
CW at room temperature. 

^^y are surface emitting lasers the focus of so much work? 
Tlie surface emitting laser stnicture is radically diiTerent 
horn the couveniioiuil ^i\ge emitting semiconductor laser. 
The light emilled from tiu^ surface emitting laser is peri>€'o- 
dicular to \lw sul>striiite rather than in the plane of the sub- 
strate, as si\own in Fig. 1. The optical canity of a surface 



Edge Emitting 
LasfiT 




Fig. 1. KiW' (^milUug lasfT^ art' cleavt'd intr; long hnrs Lypiaiily 2tKi hi 
;ifH) [w\ lort^ and liglit is )>mittet:i fron; thp cileavG-d Ffioets. Cenenilly. 
it prtKiLiff^s iin ellipUciil hi 'am with a luiituTicaJ aprdnre NA t^f 0.3 
miii tJ.ii Thf' Kiirfat t» emitting ht^ov eniiln ligiit hi a <liri?i;lion lic^K'n- 
(ik'uliir In ttvf waft^r willi a rirr tiEiir lieatn arul an HA as small an tlt35 
I'nra single spatlri] mndf. This snuiJl NA ?^i!njMin(\H intiTljifing m anti- 
ad fibers. It I inldJiioM, rht- surfjico (-n lit ting l;ist'r tan Ik* niannfactnrpH 
tiki" ll£f] If -{^nulling cli<>"lf's (I.l^h) ^mrl is fonifilt'f*- n\ \]\i' ^MiU^v Jrvr^l. 



emitting laser is formed by distributed Bragg refleclors 
sandTftiching an actrvc layer 

Fig. 2 sliows the cross section of a bottom emitting laser 
(light emerging from the substrate) that has been developed 
in om" laboratory. It has a hybrid Au-Bragg "back" reHector 
of 99.96% reflectivity' (calculated) and an ompiu miiror of 
98.9% reflectivity (calculated I This configuration is amena- 
ble ta liigh"\'olume i n ai lU fact u ring similm^ to light-emitting 
diode (LEDj i)rocessing and dierefore has the potcnrial of 
very low cost along with high perfomiance. 

Some advantages of the surt^ce emitting laser over the 
conveniionai edge emitling laser are: fi ) the devices are 
ct>Tn[)leted ai the wal'er level iuul hence can be conij>letely 
("haraclerized, {2) the irnmerical aperture ( NA) is snuiller 
and synunetric and allows almost lOtJ*-^') coupling intx) <>[Jtk*ai 
fibers, resnltlng in simpler packa^ng, (3 ) operation is single- 
fretiuency aiul (4) the stiiKture can be integrated with nion- 
iti>r phol (idiocies or lransist,oi-s, or in twcMliniensional arrays 
as shown m Fig. 3, 

Data Link AppJications 

i (jl^li sp( t^ri nptlcai <iata links for distances of under tnie kik>- 
nn^ter lor linking workstations, peripheralSt and dis|ihiys ai'e 
becomuig increasmgly important. The optical source for 
such links has hi^en die CD (compact disk) laser oi>erating 
multimode or in liie self-puLs^Hitig rtitnlc 1o liroaden the 
spec^tnnu to mininuze I he modal noise resulting frr>ni mode 
flependent loss in the niiUiimode Gber system. Some limita- 
tions of the CD laser are that the laser has to be preselected 
for its self-pul sating cluirRCteristics and the modulation fre- 
(tuency is limited to a|>proximately one tliird'^ (*f liip self- 
pulsatuig frt^quency which is tyijically L;! io2 GHz. A [irop- 
erly designed large-atea surface emit ting laser will not have 
these limitations and is an excetlenf light source for a 
nmltimode data link.^"'^ 

Growth Method 

The epit iLxial layers of the laser shown in Fig. 2 were grown 
using a modified Vaiian .Modular (ft^n 11 molecular i)eam cpi- 
Inxy nuirhine, Inadditimi ki Iheslaiulard high temperature 
effusian tells providing IhegioniJ III Sdtin es of Al, Ga. and 
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Bottom Ring Contact 
— Anttrel lection Coaling 



liqht Outpui 

In aiid the grou|) V arsenic source As.j, the machine is ^ilso 
eqiiippecl with a high-teniperaiure hydride cracker for 
introdiiciiig AsHj] to provide arsenic and a low-temperatiire 
gas ii\jector for introducing the t>t>T:!C dopant of cEirbon tetra- 
bromide (CBr4). The n-L>7De tiopant used tn lliis work Wtis Si 
protiuced by elemental Si in a high-temperaliire efl usJon 
cell Tliep-tOTf" doirant used is cartjon. All growllLs were 
peifurnied at 520 "C tm a 2-iiich~diaineter n+ substrate. 

To maintaiii the alignment of the ^ain peak within lb uin 
(bliK^ shifted} of the Falir>'-Perof wavelength, unifotrn con- 
trol <}{ I he ihit'kness ar\d alloy cuin]>osilion must be main- 
tainefi to better thati 1% across die wafer. The total groi^tii 
time for the liottom emitting laser structure is from 8 to 12 
hours. To mamtain stable gro\^th over this time, an in-situ 
growth-monitoring tet bnique using a pyrometer is used.*^'^'^ 
During the growth oftlie Bragg mirrors consisting ofquar- 
t.er-wavelengt.h thicknesses of GaAs and AlAs, Ihe emission 
intetisity from the healed wafer is detected by a p.\To meter. 
The signal is oscillatory in nature and is diicn tly conelated 
with the grtA^th of rlie alternating Bragg layers. Fig. 1 shows 
the 1 Lui-to-ruii reproducibility using the in-situ mordtoring 
teclmique. the Fabiy-Perot wavelength can be achieved 
within ±1% for several dilTerent nms. 



Conv£ntlonaf Edge Emitting Laser Array 




Surface Eniittrng laser Array 



Fig. 3. Surfate emitting lasers tm\ be made into twculirnf nsional 
arrd>'s ajid integrated v^itli monitor photfxliodes. It Is much rnore 
difficult to accoHTplish these tilings^ m tlii? edge i^tiiitt uig laser. 




Fig, 2. Tills is a cross s€*ction 

cjf a ijritttjm ernithjii? l^s^r with 
strain Pfl multiple quantum wells 
of Inf JaAs emitting at a wave- 
length i;>r980 imi. It Jriiis a Lotally 
relleclive mirror consisting of 
Itybnd Au/HerTiicoiidnctor fiistrih- 
uteii Bragg reflectors to minimize* 
series resisti\it>' and an output 
miiTfpr conjslstiiig of semiconduc' 
tor distrtbmed Bmgg reflectors. 
Proton ion iniplaiitaLiDn is used ttj 
confine !ite eurrent. 



Device Design 

The suiface emitting laser is a bottom emitling structme 
with strained In GaAs ciuanlitm wells emitting at 980 imi. ^\s 
shown in Fig. 2, it consists of 18.5 pairs of n-type GaAs and 
Ab\s Bragg mitrors on the oiit]iut face and 15 pairs of i}-ty|:>e 
GaAs and AlAs together widi an Au mirror on the totally 
reflect ive face. The ca^'it^^ is a single wavelength wide at ul 
consists of an active region of tluee Bri-angstrom strained 
InCiaAs rjitanUmi weOs \\ith lOb-angstrom G^uVs liarriers ai)fl 
alxjtii 970 migstroms of i'Vlo ;;Gaji,7As caiTier-c on fining layers. 
The interface between GaAs attd AlAs in tlie distributed 
Bragg reflector miiTors is tiigit<i]ly graded in eight steps iLsuig 
a chiipcd shotl-t>erio<l sut^erlattire. The llnal p-t\i>e G'dM 
phase-ma({*hing layer is do^jed to -3x10^- Vcm^^ to provdtle a 
ooi^alloyeti oliniic contact to the hybrid Ati min'or, which 
also acts as a p contact. Tlie GaAs and AlAs Bragg niiiTors 
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Fig» 4» The stop band characterLstica (refleoti\ity versus ^vavelength 

plots) of six different epitimal nins rlemoris irate the nin-To-nin 
reprotiutlbtliry achieved with iii-sil u groT^^lh titonitoring. The dip in 
the stop l>and Is caused by tlse Fabiy-Perol cavity formed by the two 
distributed Bragg reflector nmrfii's. Variation of the Fahrj;-Pf'rot 
wavelengtli can be kept uiuler 1%. The reflect ometer is call h rat i:^d 
by tht* water vapor absorptioti line at 942 ntii. 
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are ynilbnnly doped lo lxiO^%iii'^ except for the digital 
gracling region which is iinifoniily doped to 5xl0^%nr^ Tlie 
n do pat u is Si and tlie p dopaiit is eart>on which has been 
shown fiot lo fiiffuse^' '^ otu of rhe graded region. 

Fabrication Steps and Device Characteristics 

Tlie basic fabritration steps for the bottom emittuig laser are 
^ follows- Wlien the wafer is received from the grower of 
tlie epitaxial layers, its renecti\ ity is ineitsored in a sijeclro- 
photonierer to deremiine the stop Itand and the vvaveienglli 
of die Fabr^'-Perot ca\iiy. A sniall |)leee of the wafer is falm- 
cated into a broad-area laser to detemiine tt^e ihreshoJd 
cnrrent and the peak-giiin wavelength. The Falny-Peroi 
wavelength and tlie peak-gain wavelength aie hnportaiu 
parameters for the surfac*e emitting laser. Ideally, we would 
like the peak-^ain wavelength to be blue-sJiifted l)y 10 nm 
with J'especi to (he Fabr>^-Perrji wa\'elength. 

Next, the rest of the wafer is coated with gold film in an 
evai>orator The gold ^^enes as n mirror in addition to tlie 
Bragg rnintu; fuiliier boosting (he reflectivity of the end 
mirnsr. A photcjresist ion in\plant mask is then detined imrl 
the gold field is chc^iTiically removed, Frotfms t>f var>in^ en- 
ergy and dosage iire imi^lanted (fi conllne tlie current. 
Phot.olilhr>gnipby is I hen nsini again h> define a goki i>]:Uing 
for die attaeinnent. After gold pla(ing, t(u^ wafer is hiiiped 
and polished to an accuracy of 0,005 inch. Finally, (^hmie 
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sihU siirface emitting lasers. 



contacts and antijeflectjon c-oatings are dep<jsited, their areas 
defined by photolithography Tliis completes the stirface 
emitthig laser 

Surface emjttmg hisei^ wtih 24-^nn active diameters have 
tuni-on voltages as low ixs L40V and threshold current of :10 
niA. Wal]piyg eftltienciest of 1-5% have lieen demonstratetL 
Tlie i-\' imd L-1 (hglit power output vemus ciuTent j curvT^s of 
the laser are showTi in Fig. 5. The kinks in the ILrl curv e are 
from filamentat ion or higher-ortler spatial modes appearijig 
in the laser ca\ity as the bias Is incre^ased. The L1U\' tutTeon 
vriltage is only 0.28\' above the IntJ^LAs baiulgap energ>v Tlte 
seties resistatuT of il^e device is 20 ohms. 

Spectral Width 

A v\ ide sijetiral width is necessary to reduce the effect of 
inodal noise lesulting front mode-selective loss in nmltimude 
links. Tlie surface emitting laser with an active wultti of 24 
j.un was foimd to give a spectral wicJtli of 0,3 to 0.7 mu, Tl\e 
wide active region is neeessaiy to ^dlow the aecr>mmodati(>n 
of multiple filaments or higher-order modes whose sinmlta- 
neous existence gives rise to the wide spectral width. 

Fig. (^ shows (he near-field pall em of the surface emitting 
laser mid the as.'^oriai.t^d spectrtim as a function of the bias. 
As the bias is increased from 5 niA to 40 niA, (he spectrum 

t Wailpfug all iciencv 'S opTJcal pmwer out divided byetentrical powef m. 
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Fig, 6. A pritMMTy (iLiraclei'istk' 
f)f The largi'-area .surfari:* eaiiuiiig 
laKd' is its (iroad linowidth, whieli 
isirnponiini xo uiinimizp motliil 
imisp wht^n using luultimfKlp opii- 
vnl fibers. Thl*i figure show's the 
iiear-fieid pat! era and the iisKtK i- 
ated sppf iriini as a (Yinttion nt 
bifis c iirroni. The broad ispertniiri 
is a ff'Sttlt rjrtlip inerr'aNefl num- 
bfM'nfKpfilifil niodef^atid the 
fi}rm;iti(jn at ntnllilliaiiir-mij, (jiiv.h 
i'lmU 1 1 ig al: a sligl 1 1 1 y « I i f f '< n' p 1 1 ( 
frc't]U('iity. 
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Fig. 7. The large-area surface 
< niiitijig laser ri'icKluJatefi at 1 
(ihU/s usini; a 2"-l pseiKlf>raiidGrn 
bit sequence exhibits a clean eye 
rtirtgrarii. Use laser is prebiased at 
'ATM niA find a liU'gp modulation 
signal is aiiiified The riiodiiJaied 
sigiuil is (ieifriLi^^ii after Linversiirg 
a lengtJi of inullijitotle fiber. 



f3dt = e.6Gte 



= 19.3 mA 




Fre[iuency |GHz} 

Fifi. 8. This |>(jn'«:'r-vff [-sus-nujtiiikiUoii'freqiieMcy plot siujws a 'J-tlB 
bainlv\ifltli offi.G (JHk under sftiall-signal niodulalian. The cui'vp wth 
Ihv hi^Jier baiidwidth eorrespomls lo a Lnas cinTPnt. of 10.3 niA and 
Uie time mill the lower l^aiuhvitifh coiTt^spondii to a bias cuiTent rjf 
7.4 mA, 

broadens from 0.2 iini to 0.7 luii. Fig. 7 shows tlie pye dia- 
gram al one Gbit/s modiiJaiicjn witli !lie surface emitting laser 
biased at 27.S in A using a 2'- 1 psiuilurandurii bil sei4ueiu.c. 
A hif error lUlt^ (HKR) onjeirer iburi 10 '- al 1 (ibil/s, good 
eye opening, and low modal jind intensity noist* have been 
obtained with these devices. 

The small-signal freqnet\ry response of the surface emil Hug 
laser is shrmn in Fig. 8. Tlie nseful bciud width is peat er than 
G Gilz. 



Reliability 

The uiHjfjr bum-in fatiure that we have obseived is that of 
fiark line derects ^ind fiark sptJt defects. The V)um-iii screen- 
Ing in\'estigatiort showed thai a shcjit coiLstant-cnrrent stress 
is effective in screening out eaily failures. The conditions 
used tor file biu'n-hi are 70 C and 10^ jVcm- for 24 hoiirs. 
The devic4\s that pass the bum-in screening me stressed at 
60 "^C at 1 mW and have Uved over 4000 1 1 ours at the time of 
writing of this paper. Fig. 9 shows the light output power of 
1 mW at 6()C' as a ftmction of time. 

Conclusion 

Large-area snrfaee emitting lasers witlt wide liiiewidths are 
good candidates as somces for shoit-cii.stance high-sfjeed 
hnks using niiiltinii:>de fibers. These surface emittijig lasers 
can replace self-pulsating CD laseis ^md offer higher band- 
widths than the CD lasers. 
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Fig. 9. The surface eniillJJig laser 
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power life letting, Ttiis figuni is 
for 20 preself^cted lasers operat- 
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utaintain 1-mW output pv^meraud 
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Generating Short-Wavelength Light 
Using a Vertical-Cavity Laser Structure 

Second-harmonic generation from a GaAs/AIAs vertical cavity fabricated 
on a (311 }B GaAs substrate has been demonstrated- The experimental 

results and a theoretical analysis show that a GaAs/AlAs vertical cavity 
optimized both for efficient confinement of the fundamental power and for 
quasi-phase-matching can offer efficient second-harmonic generation. 

by Shigeru Nakagawa, Danny E. Mar**, and Ndrihiclt* Yamada 



There lias been great Jiitt'rest iii compLiti aliort-wavelengtli 
light sources, especially blue liglit somces* far a nuniber of 
applicaTions such us full-i nlnr displays and liigh-density 
optiral sttJiage, Full-culor displays require toiiijiati light 
sources of three t olors: reel green, iuid blue. Red light 
sources have been developed and are conuiiercially avail- 
able in the foiTii of AJGaAs laser diodes and light-emitting 
diodes (LEDs). Green LEDj^ have reeenily becoiue t tjnuner- 
cially avoidable as well. Compart devices emiMing bhie light 
have been clemonst rated, lint tlieir reliability Is not good 
enough for commercial products. Optical storage nses laser 
diodes to read aiul write data. Shorter- wavelength laser 
diodes ean gi\e higtiersUnage ilensity. Blue hisers can store 
data at aliotit \\nw tinier the density achievable with the 
infrared lasers cinrently used for optical stonage. 

A laser fUode made of a wide-handgap semiconductor such 
as zinc cadmiuni sulfur selenium (ZnCdSSe) is one of the 
approaclies being taken to realize eonipact blue light 
soiuces.'- Thr advantages of this de\ ice iiulu<li^ c (>ni]jact 
size and doect modulation of hhw liglu. Tht^ reasibjliiy of 
such a device has been demonstrated, but Its rehahility is 
not yet good enougit for connnercial appiicratiojis. 

Another approach being taken to make coni|)act shurl- 
wavelength light sotirces is s€K7ond-harmomc generation, hi 
nonlinear optical matensiils, a fraction of the proi>agating 
fundamental oiitical wavc^ is converted to an optic^al wave of 
double the frequency or half tlte wavelength. Using this 
seeond'haniionie generation technique, blue light at a wave- 
length of 430 to 400 tun has been generated from an infrared 
light (jf wavelength StiO to 980 mn. Reliable and compact 
HbtJil -wavelength blue light sources have been t>rotf>l>ped 
employing norihnear dielectric materials such as lithiuni 
tantalate (LiTaO.^) tuvd lithium niohate (liNliOj^ )."*-'^ How- 
ever, these seconddianaotiii' ^eneiation blue hght somces 
are hybrid and much larger in h^i/e than laser diodes. 

Sec*ond-harmonif^ generation to realize compact short- 
wavelength hght som-ces has been demonstiated in semi- 
conductors such as GaAs and AlGa\s.^^^ Second-harmonic 
generation in semiconductors can bring about monolithic 
short-wave length light sources, since seniicondutnons like 
GaAs or Alt Ja\s nm work as both laser materia Is and 
second-harmonic generation materials siniuitaneou.sly In 
some devices, a stack of Ga4s and AlGaAs with a period 



of hali'a wavelengtii of tit e sectirid hainionit lias been mcor- 
porated to give ciuasi-phase-matched seccmd'harmonic gen- 
ei:ation. ^'^^^^ hi most optical materials, the refractive index 
changes de]>en(iLng on the wavelengtJi, tausing a pluise dif- 
ference between the propagathig fundamental light and I be 
propagating second-harmonic hght. The phase of the gener- 
ated secouLl -harmonic light is exactly twic e that of the prop- 
agatitvg hnulanietital light, so h is flilferent bom tbe phase of 
thei>r<ipagating second-harmonk' light, resulting in negative 
interference between the generated second-harmonic light 
mid the pro(3agating seconci-hannonic light. For some crys- 
tals, it is iiossible to chancel this [ibase difference :mci negati\^e 
mterterence by choosing a certaui axis for the light propaga- 
tion direction. This is called phase matching. Another way to 
reduce the negative interference is by alteniating the magni- 
tude or sign of the generated second-harmonic field in phjtse 
wilb ihr tihase dilTerence, This phase-malching scheme 
does not eliminHte tlie negative inteiference completely and 
so it is called quasi -ijliase-matchhyg, 

The second-harmonic power coming otii of a GaAs/AlGaAs 
second-harmonii' generator gets saturated In a limited dis- 
tance because <jf the large absoqition of second -han^i on! c 
power by GaAs or AlGaAs, To extract the second-hannonic 
pow-er efficiently, most of the Gai\s second iiarmonic gen- 
erators reported so fai" are surface emitters, The second- 
harnionic wave comes out normal lo the surface after prop- 
agating through only a small distance in the absorbing 
senhconrlurton'-^'^-^^-^- One way to ittcrease the eomersion 
effuienry in (he limited GaAs/'AlG<aAs distance is to reso- 
nate Ute fundamental tield with a Fabiy-I^erot cavity and to 
uicrease the mtensity of the fundamental field hiside the 
region, since second -harmonic power has a second -order 
dependence on fundamentid power. 

We have experimentally demonstrated second-harmonic 
generation from a GaAs/AL4s vertical canity fabricated on a 
(3I1)B Ga^Vs substrate. A vertic^il ca\"ity offers etTicient con- 
llnement of the fimdamenial field because highly reflective 
nurmrs can l>e fabricated on both sides of the cavity, hi diis 
paper, we v\'ill ptvsent experimental results and a tlieorerical 
analysis showing that a Ga^s'.ALAs vertical ca\1t>' optimized 
both for efficient cojifinement of fundamental power iind for 
quasi-phase-matching can offer efficient seeond-harmonie 
generation. 
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Fig, 1. Structure of the AlAs/Ga^s vertical-cavity second-hamiaiuc 
generator. 



Structure of the Device 

Pig. 1 shows the structure of the veitical-ca\ity second- 
harmonic generator, including a GaAs/AlAs distributed 
Bragg reflector tmd a TiO^/SiO^ distribuied Bragg reflector 
as lughiy reflective mirrors. Tlie GaAsv^AL\s distributed 
Bragg reflector absorbs the second-liarmonie power, while 
the TiO^/SiOa distributed Bragg reflector lias high transmis- 
sion at the ser (^nd-harnionic wavelength, so that generated 
light can pass tlirougii it. To generate second-hamionic 
power efficiently in the €a\ity, ii periodic stack of AL4s/Ga.\s 
is incorporated for quasi-pliase-maiching. The conventionaJ 
second-harmonic generation suiface emitters demonstrated 
in tjie ntei^ature have also used a periodic stnicture for qua-ai- 
phase-malching wliose period was equal to half a wave- 
length of the second liarmonic. ^^-"^^ However, our calcula- 
tions indicate thai the period should be a little shoiten This 
difference comes from the fact that while the absorption of 
second-hai-monic power is itssumed negligible in the con- 
ventional qtiasi-phase-matcliing scheme, second-harmonic 
power generated in tlie AlAs/GaAs layers Is strongly ab- 
sorbed, esfiectally by the GbAs layers. From die calcidated 
ciir\'es showTi in Fig. 2, it can be seeti that sect>nd-harmonic 
power in our quiisi-phase-rnatclied si met are is generated 
much more efficiently than in a cfjnventional half-wave- 
length quasi -phase-matched stack. 

For the vertical-caviLy second-hannonic generator, the 
second-harmonic field must lie generated co linearly fi^om 
the fundamental field. In zinc-bienci crystals such as Gai\s or 
.^\s, this is possible only whei^ the substrate is oriented 
other than (lOOi such as (Ul), (110 J. or (-^U). A Ga^WAL^s 
distril>uled Bragg reflector (19.5 paii's) and a GaAs/AlAs 
stack of ly layers were grown on a CM 1)B GiiAs stihjstrate 
by molecular beam epitaxy (MBE), resulting in goutl surrare 
morphologic', a Ti02/Si02 ftistribtiteri Bragg reflector (10 
pairs) was fabricated after the MBE growth using an 
electron-beam evaporator and the substrate w^as polished to 
a fltickness of 200 ^un. We measured the total renectivity nf 
tlie device aiid ohsf?r\eti h dip in the jeflectiiity at 9H4 niu. 
which indicated a resonance of the fimdamentiil field m die 
Fabry-Peroi cavity. The reflectivity of tlie GaAs/AL\s distril j- 
uted Bragg reflector and die TiCVSi02 distributed Bragg 
reflector were measured to be 98.4% and 99.9% at 984 nm, 
respectively. 
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Fig. 2. Distribution of second-liarmonic power in (a) a conventional 
half-wavi^leiigtli quasi-phase-rtiatL'hed device anrf (b) a dr^v^cci that is 
(luasi-phase-rrtatcht^d taking iiilo iicicouitt the libsorption of second- 
hartnoaie power. Tlic rectiuigular cur^^es show dte distribution f)f 
nonliaeiir coefhcifnt in the* devitej^, Tlir* lii^ltHmiid Itjwor It^vels 
indit^ate OaAs and AlAs, respectrveb 



Results and Discussions 

.A. fj equency tunable Ti: Sapphire laser was used as a fimda- 
mentaJ liglU stjurce, Ttie light was shot vertically through the 
ixjlished GaAs stibslraie. We measured the seccind-harmonic 
power generated from the ca% iiy and the ftmdamental power 
of the exitiJig beam. Fig. -l shows how^ the seconfl-hamumic 
[jower varies with the polarization angle of the fundamental 
field, in which the chrection of the fundamental electric field 
is rotated towaid the (OlT) direction (90 ) troni the (2515) 
direction ((P). The points are measured data and the solid 
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Fig. 3, Xurmalixedseeond'h^imtoiiic power as a function of Lhc pnlar- 
JKatkin angle of llie fuiKlariipntal Ttehl Tlip points are mpfisured dn\u 
and the line ishows the calculated values. 0"" is ideiiLicral to ihe (253) 

(tirprti*.ni. 

line shows the calculated values. The details of the calcula- 
tions are not given here because uf iheij' complexity. How- 
ever, agreenieiil ol the nieasnienienl lesiilts with the cal- 
culations inciicates that the observed power is purely 
second-hannonic [io w e r 

Fig. 4 shows the second-tituriionic power at a wavelengtli of 
492 nm coming out of tlie cavity as a ftmction of the input 
fundamental power at a wavelength of 984 nm. iatlicating 
that the conversion efficiency of t lie device is L4xlO ^ ^AV. 
TJie convei^ion efficiency of secoiid-haiinonic generation is 
defined as the output seeonti -harmonic [lower divldeil l)y 
the square of the input fmidaniental power (the generated 
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Fig. 4* Sicund-Jiamionif power coming out of the verlicai ca\ity a.s 
a function of the input fiaidainenliy ix^wer The wavcleu|?th of the 
seeonci-hanuonic power is 492 luii. 



second4iamionle power is proportional to the square of the 
fimdamentii] power), h is possible lo iucreiise tJie conversion 
efTteiency in several ways. An efficient w ay is to improve tlie 
confinement oftinuUnnenfal power inside the canity. This 
will increase the secund-luu^nionic power liy the sijuare of 
the factor by which the funtlamental power in I lie cavity is 
Increased, without any increase m the mput fundamental 
power. 

We found four ways lo improve the conversion efficteney of 
our device. First, by conitJtuing (lie rt*sonant wavc^Iei^gth of 
tire measiireinent with that of the desigjt, we found that the 
actual layer thickness of Ihe grown inateiial was 4% smaller 
than ihe design vtdue. Asa result, nm <iuasi-phase-maiche(.l 
condition was nf>t eoniplerely satisfied, liie seeoi\d4iannonic 
power connug out of the device has been calculatiMl both for 
the designed structure imd for the actual stiiicture. The cal- 
culations indicate that by tnaking tiie device exactly as de- 
signedi die second-! umnunic power will be increased 8,1 
limes conqmred lu the dt^vice testecL 

Second, the 4% reduction of the layer tiiickness also reduces 
the reflecrivity of tlie AlAs/Ga.\s distrihuteil Bragg reflector 
to 98.4% from die pri^dictcil value of Ji^.B^K^. 'litis decreases 
the confinement of the fmuUuuentid field in the cavity. Tlurd, 
the full width at half inii.xinumi (KWIIM) of theTi;SaiJphire 
la.serspectnini is d.lT mn, which is nuJtii larger thati that of 
the cavity which is 0.03 nm. This caases a laige part of the 
input fundamental light from the laser to be reflected, result- 
iitg in smalli^i confinement of the inntlconenlal field in the 
cavity. Imi:jrovenient of these sectmd and tliird fadora is 
expected to increase the fundamental power confined in the 
cavity to 90 times that of the present device, thereby in- 
creasing tlie seeond4iannonic power by a factor of 8.1 x lO'l 

Fourth, tlie ftmdantenttil beam from the Ti:Sa]jphire laser is 
focused on the device with a FWIIM spot diameter of 18.G 
iini, The conversitni t^ffic it ncy is proportional to the power 
density uf the fundamental fit^d, and would be increased 
13*8 times vtith a fundamental beam diameter of 5 |im. 
Based on these considerations, we concluded that the con- 
version efficiency of the device would he L3 x 10^ '}iA\' if 
optimized. 

Conclusions 

We have demonstrated second-harmonic generation frorrt an 
AlAs/GaAs veitical cavity fabricated on a (311)B GaAs sul>- 
stratc. We have observed a convei"sion efficiency of 1.4 x 
10~^ '■kA^, We have theoretically shown that we can increase 
the conversion (efficiency up to 1.3 x 10- %A\' by optimizing 
bolh for quasi-ij!iase-inatching and for efficient confinement 
of the futulamental field, 
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A New, Flexible Sequencer 
Architecture for Testing Complex 
Serial Bit Streams 



Based on a generic model of serial communication systems, this 

architecture dramatically reduces the time needed to program functional 
and in-circuit tests for devices with serial interfaces. It is implemented in 
a new Serial Test Card and Serial Test Language for the HP 307D family of 
board test systems. 

by Robert E* McAuliffe, James L. Benson^ and Christopher B* Cain 



As serial bit streams l>ecoiiie more prevalent in electronic 
prociucts, tlie need for higli-quality. tliorougli tests for tliose 
products increases dramatically. * Traditional automatic test 
eqiii]}ment (ATE) architectures have limitations that make it 
extremely difficult (if not impossible) to write such tests. In 
Otis paper we discuss those limitations aiitl describe a new 
sequel Rer an hilectiue speciru aily designed to address the 
challenges of serial hit strerun testing. 

The ai'chitcctuie has been implemented as an enhancement 
to the IIP 3070 ftmiily of bfjajd testers mid has l>een used to 
emulale niimy challenging seriid protocols and tbrinatSi in- 
cluding: ISDN S- and U- interfaces, I-C-, HDLC control chan- 
nels, generie 54-khiiys streams, 10 M -2, ST-Biis, and various 
time division n\ultiplexed (TDM) backplanes. Customers 
using the architecture have experienced dramatic rcdnctioiis 
(up to 25x) in test development time, as well as significant 
increases (8x or more) in test tliroughput. 

We assume the reader has at least some knowledge of mmai- 
facturing test procediu'es and equipment, A basic know- ledge 
of telecommunications concepts may idso pro\ e usefnL as 
many of the examples given are related to telecomm 
applications. 

Throughout the paper w^e will refer to a device under /cs/ 
(DITT). in general the discussion will be in the context of 
functional board testing, in which case the DUT would l>e a 
complete ijrinted cirruii a.ssembly: hi (his time of rai)id tech- 
nological changes, however, functit>na)ity tliat once required 
entire boards is now^ implemented as small f lusters of com- 
ponents or as single Integra led circuits. We wHl therefore use 
the tenn Dl.'T to refer to w hatever is being tested, be it an 
IC, a dusier of components, a board, or a complete system. 

First we give a brief overview of tradirional ATE sequencers 
and theu shortcomings, and then discuss in more detail some 
of the special challenges of serial bit stream testing. We will 
show that many test development problems are caused by a 
funfiamental mismatch betw-een the ATE capabilities and 
the features of DlTs \^1th serial interfaces. 



Nexi w^e introduce a generic model of serial commimication 
systems, 111 is is essentially a definition of the general char- 
acteristics shared by all serial bit streams. Using this models 
we were able to develop a test sequencer architet ture ttiore 
c losely matched to the characteristics of set id bit stremns 
and tlie DUTs tliat use them. 

We then describe the architecture as implemented in the 
HP 3070 ijoaid test fannly. Tlie arcMtecture of the Serkd 
7f'.s/ Card (STC") and tiie Seritd TesI Ltunprnge (STL) are 
describefl in these sections. 

Finally, we i.>resern several case studies showing how the 
STC solves real-life testing problems. 

Evolution of ATE Sequencers 

Tradirional ATE systems feature a test pattern sequencer 
capable of driAing and receiving many simult mieous digital 
signals. Sequencers of this t^ire tlrst ai>peared c)ver a decade 
ago. Early versions of these setiuencers excelled at testuig 
SSI/MSI consponents and simple circuit boards, but had diffi- 
culty with nhcroproeessoi's and other ^XSl components.^ 

In response to the test problems posed by microprocessors, 
ATE manulacUirers enlianced their sequenceis. New^ featmes 
like fonnattable pins, algoiithmic pattern genemtion, memoiy 
emulation, and bus emulation w^ere added to make the test 
sequencers a l>etter match to these microprocessor-oriented 
Dt^Ts. 

Today^ DirOs embody faster and more po\\ erful micropro- 
cessors, concurrent processing techiioiogies, serial commu- 
nication chamiels, mixed signal fiuictions. and a vaiiety uf 
custom chcuitr^' (such as ASICs and FP(j As). Each of these 
characteristics brings with it challenges for I he test engineer, 
but the widt^st gaii between tiie DUT and tradit lon^d ATE 
seems lt> be in tlie aiea of serial conununication testijig and 
its associated concunenT processhig technology'. Tlie shigle- 
sequencer, massively parallel arcMtecture of traditional ATE 
is not suited to the special j^roblems presented by these 
DI'T cliaract eristics. 
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Our goal was to design a seqtJenc;*er archil eeiure better 
malt he<l To the special Test retiuirenieius of serial-oriejited 
DlTs. As a 0rsT step toward thai goal, we sui^^eyed a large 
number of DlTs and serial protocols to identtft^ specific 
characTeristlcs that make them difficult or impossible to l<*st 
with a traditiooal ATE sjiitem, 

Characteristles of Serial DtTfe 

.Serial-oriented DlTs ha^e riiajiy ctiaracteristics w comnioo 
mih many other nifKieni electronic devices. Conversely, 
tliey also ha\'e many ciiEi*acteristics tlmt are fmiclainetitalJ y 
(or sometimes subtly) different. Some of the more common 
features of serial-oriented DlTs are: 

• Complex physical (electrical) interfaces 

• Multiple inteifaces operating at imrelated bit rates 

• Noiuletemiinistic bit streams 

• Bit streams with embedded clocks 

• Hierarchical bit streanis. 

Complex Physical Interfaces 

To maximize utilization of a transmission metlimn. many 
seriiil protocols abandon tratlitional blnai^' digital foniiats in 
favor of tluee-level or fom-level tligital interfaces. The ISI )N 
S-inlerface operates with three logic levels/^ antl the tSDN 
Il-interface (2B1Q) operates witlt four Other standard 
teleconun protocols are siniilai*. 

Many of these protocols reqtdre the transmitted waveforms 
to correspond to exactly specified shapes, iistially to limit 
the high-frequency components of the signal ro a reasonat»le 
level Traditional secjuencers have binaiy st imulas and re- 
sponse capaljilities witli i>rogranniiahle high and low logic 
levels. Some t^ven provitie rudimentary stew-rate control, 
but none are designed to interface diiectly with complex^ 
nonbinnty t>it streams* 

Multiple Interfaces Operating at Unrelated Bit Rates 

Maiiy IJL'Ts contain more tliati one serial interface. In juatiy 
cafses, each interface is asynchronous wit h respect to the 
othere (there is no specified alignment t>etween bit c^enters 
from oni^ interface to the next). Otie can so meting es force 
aligimienl by Jiinning each interface from a conmion clock, 
but this teclinit|ue does not necessarily work witli as^Tichro- 
nous t>rotocols (see "Bit Streams witJi Entbedded Clocks," 
below ). Moreover, it is quite contrnon to liave interfaces 
rumiing at entirely tlifferent l>it rates. 

The only \iable testing approach for a traditional set^uencer 
arcliitetture is to apply vectoi's at a rate equal to the least 
conimon multij:»le of the cloc k rate of Uie two interfaces 
(assuming there aie only two interfaces), The number of 
test \ectors required for even simple tests can he formidable 
using tills apjiroach. 

t)ae ot tlie authors has personally written a test for an ISDN 
S-interface device using a traditional seciuencer antl this 
"least conn nun multiple" approach. The effort reciuired tiiree 
months and l:i,000 lines of soiuc^e code (Joughly ^K),()()0 
compiled test vectors). F]vt'n with flus Inigc i^ffort, uniy a 
small fraction of device fuiuiinn;dity wa.s lesled. Such long 
test develot>nient times aresiniply tmi ciro ptal>le in today's 
ctanpetitivp markets. 



N'ondeterntiiustic Bit Streams 

Tlie respons*.^ of a 1)1 T to an applied stimulus is not always 
deieniiinistii:. tJmt is, many different "correct^ responses to 
the stimulus are possible* An analog-to-digifal converter, for 
example, will not generally produce exactly the same se- 
quence of digital samples in response to different applica- 
tions of the same analog stimulus. TMs does not mean that 
any one sequence is more correct rlian any of the othere. It 
shnply n\eajis a different measurement technique must be 
applied to tlie pn>bleni- 

Some ISDN data link activation procedtires include tht* 
trartsfer l>ack and forth of HDLC-Uke packets of infoniiatioit.t 
Acconiing to these procediu'es. the packet address is, under 
some circumstantH\s. generated b3^ a pseudorandom genera- 
tor on tiie DIT. T!us presents no problem if tlie address gen- 
erated by the DIT is detemtinistic m resj^onse to a pardcu- 
lar iitltialization sequence. On the otJier haii(i, if the adthess 
cannot be predicted, the test sequencer must be able to cap- 
ture whatever addiess w^as generated and save it for use 
later in the test. Tlie authors ha\'e not encoiuttered a tradi- 
tional sequencer with such on-the-fly storage capabilities. 

Bit Streams with Embedded Clocks 

Sonie serial uiterfaces are asyncluonous ui nature, i hat is^ 
tiie clock specifting tlie bit boimdaries is embedfied in the 
bit sti"eain. Tiadirional sequent ers typically sample at prede- 
termined times and are unable to interface properly to such 
a bit stream. 

Embedded clocks can take many different fontis. Some pro- 
tocols guaitrntee tlata transitions at regular intervals. Other 
protocols [>rn\idc* no such guanmtee but <lej)i^jid on the 
Iransmitter and reciHver ojMTating at a tnearnuiged bit rate 
(tisyitchronous protocols such as those tyjiically used with 
RS-2t32 connections work hi this way). 

In 'Adilition, Jramhig information can also be embedded in 
the bit stream, As>Ti(^hronoiis protocols, for example, mark 
a frame bouiidaiy witii a start hit. Tlie UULV and similar 
synchronous prolocols iiidicale frarTiiiig with a sper iai flag 
pattern, usually eight bits in lengtli. A Eraditioiud sequencer 
may be able to handle sucli cases if it has sophisticatied 
branching capabilities, hui il is very dnTicnll to vMite a test 
llial can synch ronizt' to a complex IVtuiiing |iattern while 
shiiuhaneoiisly applying test patterns Co other interfaces of 
the Dl'T 

Hierarchical Bit Streams 

Many serial inieri'aces contciin bit streams wlttiin bit streams. 
We call these Mermrhlcal bit streams, A basic-i-ate ISDN 
interlace is an example of a bienirchit^al bit stj-eam. A btisic 
franu^ of this infeiTar*- ccaisisis of Ifi l)its of B channel data 
and 2 bits of D clumnel data.tt If the U chmmel bits from 
each friuiie are ex(ra<*ted iuid assembled one after tlie other 
into a separate serial bit stream, tiiey fonii an HDLf Mike bit 
stream. 



i Sqs teiBmmm 2 and 4 far s compEetB descffptlDO of iSDH and associated SQtivstion 
prcH^edufES, De^aiis of HDLC^nd other bit-orf^fif-Bd protocfjls can be tound in references 
5 and 6. 

ft This IS a simplified descrsplmri cif an ISDN bam rate fmme Actual fname fangttiaraj content 
vafv depeitclins on which retereflca paint (S, U, etcl ii beiny coosidotfld 
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This siluarioii is very tiiffK-ult Ui inmdW with a tmditioiial 
seiueiicer bPoaiLSf the lugirai diaiim^l llie lesf ujigim/ir 
wants rxi f{)mniuiiiratP with is sun'ouiKied by a gie-at iniiiiy 
other bits of little interest C'oinplicateti subroutines nnist be 
written to extran the data t>rirnere?>i frcirn ihe lar^e fr^uiie 
of lilts or insert Ihe data of inltTPsi into ilie large frame ol' 
bits. Kiirlht^nijore, Ihe test engineer niusf sonu^liow attain 
bit iUKl Iran le alignment for Ljolh the main IVaaie mal tlie 
embedded logical Irame. Tliis may make the test impossible 
to irnpleinrnf wiMi a traditional sc^iueneer. 

Solutions 

I'^or ina^iy st^rial interfaces, the above problems can j)e 
solved using i ustoni electronics, ranging from special cir- 
euits in the test system llxture to a "hoT n lockup" of the tlnai 
system apidication of tlie l>t ^T, or by simplifying and eliini- 
natu)g tests so that they can be more reatUly implemented 
with a traditional sequencer. We iirtipose a third solittion: 
use of a test sequencer desigjieti spec i fie tdly to a( if tress the 
?3peciaJ challenges of serial bil stream testuig. By using Qie 
right tool for tfie job. the test jirogianmier cim develop a 
thorougli, high-quaJit;y tesi quickly and without the need iV^r 
complex fixture elect r<«ncs. 

Generic Model 

of Serial Commiiiiication Systems 

In the last section w^e chsciissed tlie difiicidties of serial test- 
ing using tradiikinal sequencer mihitectures, P'or the ntusi 
pan, these difllculties are caused t>y an inheretit luisrualcli 
between the DIT and tlie tester. ' In each case, the problems 
presented could certainly be sohed i^ith custom circuitry 
provided by th(^ customer nv by tiie ATE vendor. However, 
this apprf)acli unilennines (Jiie ot I lie key adv£mtage?s of coui- 
mercial Al'E systenvs: the acKantage of bemg able to use Llie 
same tester t:o test matiy different DtlTs (or many tlifferent 
pieces of tfie same DIT), 

A better approacli is to design an architecture that is specific 
enougb \n Jimtdle tlie | jet uliari ties <>1" serial tesi ingl nil genertd 
enougli pj be iLsalile for many different tyt>es of serial I>l"fs 
and serial protocols. To aid in the dellnitioti of sucfi mi ati hi- 
tecture^ we looked deeper uito the test piobleins described 
in the last section in an effort to understand the fundamental 
nil to re of each. This leil lo tlie develoi^mcni of uur geneiic 
model (jf serial comntunication systems, described below. 

We designed oia- new sequencer iU'chitectore using this model 
as a guide, so essentially any bit stream compatible with the 
model is comi)atible with our archil ect ore. Our particulai" 
imptrrnrnkifmii of die ai'cbitecture was targeted at tele- 
comm applications, so eost/i)erlorjnance trade-offs appro- 
priate tt> thai niaiket have been made. The UKirlel (and thus 
the architecture) is more general and could dieoretic ally be 
implemented in other ways for other serial test markets. 

Definitions 

Tlie following terms are used througliout tliis section: 

• ConuhuuiratioH Sijslr^m. A means of transferring 
information from one place to ancjtlier 

* Sf^rial (.AffiimuHi'ratioif Sjijstpnt. A con un unit at ion system 
liiat encodes mfoniiation into digital signals mid transfers 



this digital infonnation from one place lo another in a tinic*- 
serial fashion, tiial is, the bits of distal information are 
transferred sequentially one aJ'ter another according to a 
preaiTanged protocol A seiial commuttication syslem is 
ryijically composed of subparts mafie up fjf vanfuis l)rt pn}- 
cessors ts(*e below), wliich process anti (rmistnno serial 
conutniiiicatiou bit streauis fsee t>eluwj. 

• Serhit Commmuvatmi Bit Strvavh A pliysical i ninsnilssioii 
path connecting two bit processors (see below) in a serial 
cotnuiujiiraliou system. Bhs are transmitted hi a serial fa.sh- 
io n J 1 ! a 1 i s J h I- h j I s n r a 1 1 les-sagc ar * ' 1 1; kr i s n i i n <^d sn j uc i i 1 1 h1 ly 
one after *uic»tjier on a cfjnuiujn transmission mediutvi. "Seriiii 
commujiicatioji hit stream"" will l)e abbreviated to simtJly 
"^serial bit streain" or '*bit stream*' througliout the following 
discussions. 

• Bil Pmr assoK A hardware or software device that connects 
one hit sdeiun tr> another. A bit j>rot*essor usually transforms 
or filters Uie bit stream m some miuiner, tint am also serve 
as a srmrre tws/nk^ A source generates the information to 
lie transmitted over the conunuiucation system, and a sink 
receives and iinaly^es that niformation ai tiie other end. 

A serial communicadon ^stem is composed of numerous 
pieces^ each piece dellned as eiUier a bit stream or a bit pro- 
cessor. Bit processors sei^T to connect (transform) one bit 
stream tf> <motiier, ('Jr. equivideni ly, bit streams setve to con- 
nect one bit processor to another. Each of these elements — 
bit sti earns and bit processoi's — has certain welMefmed 
properties. These properties are discussed below- 

Properties of Bit Streams 

Every serial bit stream possesses the following four 
properties: 

• Physical specifications 

• Symbol s^^lchronization algorithms 

• Framing aigorilluus 

• Logical channel identification (nntkiplexing). 

Physical Specifications, Tlie physicnl specifications descrilse 
tiie electrital t>roperties of the bit stream, tlie nuniljer of logic 
levels defmedT anti tiny other properties related to the ijhysics 
of trajisferring die bit stream from one jjlace to another. 

Symbol Synchronization Algorithms. Since a serial lut stream is 
inherently composed tjf hils. tlieri' uuisl be a way of demar- 
caiii;g ihe bil tioundmies witiiin \\\v hi! stream. A fle\ice 
designed to init^q>rel the bit stre;nn would use a symbol syn- 
chronization tilgorithm to locate die bit boundai'ies. Tlie 
sviichronization property of Ihe bit stream is either eApIklt 
(a dedicatt'(i siguiil path fo]' clocking Ls providt^d) or hit pi ir it 
( s^mnbol synchronization information is encoded within the 
serial Int streamt). 

Framing Algorithins. A raw seiial bit stream is capat>le of 
tiansferiing very little information. For example, a binaiy bit 
stream can represent only one of two states at any given 
moment i 1 or 0, on or off). Howe\'er. if a time inference is 
provided widi the bit stream (an indication of when the bh 
stremu '^starts"), then bits can be assembletl into larger units 
capable of carry' ing more uifomialion (bytes, words* mes- 
sages, etc). Tins is the purpose of ft-aming: to iirovide a 

T Asynchronous protocofs are also considered impNcitly clocltea. In thai case ih^ symbol raie ts 
defirred as part of ttie fcrlr stream symbol svivchrcjniz^iiopi algorithiri 
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Fig. 1, Ptoces^ng an RS'232 bit 



reference point Jrf> flie l,>iTs of tjic serial stream can transfer 
more ctHUpiex iiifontiadoTi. 

There are two types of franiijig. Frainrng caii be either 
pj^pik'it [a deflJcaTed signal path tor A"aming is pro\1ded). or 
iviptirif (framing uifomiation is encoded vvithin die serial 
hit stream). An impliGit framing algorithni niay indicate 
finaining iLsing either a btimhtd framing palTem or a dtstrHh 
iite(f framing pattern. A buiirheil patleni is matte up uf a 
grou]) of contigitrms biTs. A (iistribinetl panern is made up of 
a groQp of bits interspersed among the data bits. 

Tlie time interval between the end of one firame and die be- 
giimitTg of the next is called the li'itetfmme gup. This gap 
may be either zei*o-lengdi (frames are back-tn-!)ark) or nan- 
zero-Ieiigtlt, If il is noiixero-leiigtti, tlte inierframe gap is 
niied with ^311 iittf'rjmaip jiU (IFF) paflt?nL 

Logical Channel Identifrcation. Many setiiil l>]t streaitissimul- 
tajit^uusly earry' moix^ ihtui one independent logical channel 
of infomiadon. We say dm! diese bit streams iire mutti2)le.i:f'd 
or hirratrhk'oL If tlie hid ep en dent logic channels are ever 
to lie recOTp'eretJ front a mu Id j flexed bit strean;, there must 
be a means of itiiit|tiely itientifying each mdi\idu^d logical 
chaiuTeL Tlie mnlriplexing sdieme specifies die mediod used 
to nitilti]:les the logical ciiannels and may be Ciitegorized as 
either ej:pf/^7/ or im])li<iL 

With explicit multiplexing, each frame contmns a grf>ttp of 
information frtjm each miilliplexed logicid chmtnel. The 
frame bountiary provitles a rt^fercnce for ibt^ bit groupings, 
'lime divisjoii multiplexed (TDM) highways, such as those 
found on telet^omm Ihie cards, and the ISDN S-bus are 
exmnples of explicitly multiplexed bit streams. 

With implifit mtilttplexing, each frame contains a gioup of 
inffnnuifion from only one of the htullit>lex(»d Ingiral chan- 
nels. In fori nation from (>ther logical channels may follow in 
snbsettueni Irajnes. In ihLs case, logical chatmel identd'ica- 
tion is encoded in the bit stream f for example the address 
fieUl of at! HDLC frame or other packetized dataO 

Properties of Bit Processors 

The job of a hi! processor is to convert one bit stream into 
another act^ording 10 stjme speciOed algoridim. A bit proces- 
sor fherefore luis two distinct properties: port definitiotLs 
ai alt r; 1 n s b a 1 1 ^ a 1 i r 3 n al go ri 1 h n ts . 

Port Definitions. A bil processor hiterfaces to bit streams 
t hit High one or more ports. Mosl bit processors will have an 
f if put port and an output port, but sotne will have only one 
or the other.t Eacli \mrl rnusi have a rfata Interfarf^imd 
mnst of course nuiich I he physiral sfK'rinr;i!it>jis nf file bil 
streant Tlie diretlirjrud si'iise of I lie d^bi iitn'rHu e dclerniines 

t Th0S& a^e nailed souwes iir smksBud occur af the ends ot a ca-mrnunfcatmn system This \h 
wtisfe ttre inlonmatian sent bflt3( aiid fofth m ihe sshaJ bit stream isultimaT&lyQeiiEratBd or 
a!iflSy?0d 



whetiier a pon is im mpiH pf>n or mi (mipnf purr- Data alwaj's 
flows tnto an inpin pon and out of an outpin pon. 

Other requirements are determined by the seriai bit sirean^ 
to which tlie port attacht?s. If the bit strt^ani is exi>hciily 
cloi'ked (iLses an explicit s^inbol synchrtmizatioii algo- 
rithm), the pon must have a rlMi% hiierfafy'. Similarl>; if tlie 
bil stream trses ait exiJlieit framing algorithm, the port must 
Itavea/fY^^fc st/nrhroNfzafittn intPtfaa*. These interfaces 
may consist of one or more physicid signals dial no\^ either 
into or out of the poil. The implementation details can l>e 
determined by studying the bit stream spedfi cations and the 
transformation algotit !im . 

Logical channel grouping algorithms tlo tiot directly affect 
the reqiurements of the port, altlajugh diey may influence 
the design of die clock interface. Fur exatnple, a hit proces- 
sor designed to demultiplex a Icjgical t:hajmel from a inuiti- 
plexed bil stream could be implemented m one of several 
ways. One method might usf gated ck>ck signals: clock 
edges ottly tx^cur wheit hits from the logical chiuuiel of ititcr- 
e.st cUe output from the data inreiiace. Another mt^thofl 
might use a continuous clock (all bits from tiie cnighud bit 
stream are output at tfie data interfac^e) *ind genet^ate a sepa- 
rate ^'data valid" signal when l>ils from the logical channel of 
interest are preseni al Ihe out pal data Interface. 

Transformation Algorithtns. A transfonuation algorithni simply 
deflnes the function to be perfonutxj by the lai processor. 
The bit processor miLst manipulate the i lie timing bit stream 
m whatever manner is nec^essiuy lo make it conftnin to the 
requiiements of the outgoing i)lt slreani. 

A simple example will help to clarify the functions ol' l>it 
t>rocesstirs and l)it streams. 

Applying tlie Generic Model 

F\g. 1 shows im exanifile of the generic model applied tf> a 
simple iisynchronou-s conn ntmical ion system. Tlie bit stream 
fin ihe lefl is ibe incomiitg bit stream. I'sing conventional 
lermi^olog>^ it would be described as an asynchronous bit 
stream using one start bit and one str>p bit, no parity check- 
ing> and ati eight bit data fieid. The dermiiion n.sing the 
generic model would l)e something like this: 

Physical Siiecillcations: 
Logic levtis: 2 

Voltage levels: RS-232-C lei^els; logic high = -^3 volts; 
logic low = 3 volts 

S V n 1 1 >ol Sy n c br on i xa tif ) n Algo r i t Imi : 
Type: Implicit, known symbol rate 
Symbol Rale: 9600 per secontl 

FrtuTiing Algoridnu: 

'r;vi>e: lmi>hcjt, btincfied framing pattern 
Framing Pal tent: "^iif (at least one stop bit or IFF bit 
folio w(h1 l>y the stnrt bit ) 
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lilt eifrajiie Gap: > = symbols 
IFF Pattern:**!" 

I /j^i c al C haiinel I d e ri t i fi cat io n : 

T>^je: Explicii {none really, since tliere is a single 
eight-bit data fieJd ) 

The bit processor receives tliis bit stream on tlie data inter- 
lice of its input port. As sho\\ii in Fig. 1, the job of this pai- 
ticiilai* bit processor is to generate a clocked, synchronous 
vei'SJtJii of tills bit sticani on its output poil. Here is the defi- 
niiion of iht' bi( streiiin output from the bit processor (the 
bit streajn on llu- light side of the figure): 

P [ ly s i ca I Spv t i fi ca I ion s : 
Logic levels: 2 
Voltage levels: Standard TTL levels 

Symbol Synchronization Algorithm: 
Type: Exphcit 
CIocl< Rate: 9600 Hz 

Framing Mgorithm: 

Type: implicit, bmiched fr tuning pattern 

Fraiiuiig Pattern: "^iO" (at least one stop bit or IFF bit 

followed by the start bit) 
hiterframe Gap: > = t) symbols 
IFF Pattern:"!" 

Logical Channel Identification: 
Ty\w: ExpUcil 

Notice that the framing algorithm mi^l logital climmel ideiUl- 
fi cat ion specifications have not changed. The hit pro( essor 
has nverely generated a clock signal s>Tichionized to the in- 
coming bit stream. In this case another bit filter npstreani of 
this one conld further Iransfomi the bit stream and iieihaps 
extract the data fiekf Since (he f>utpul bit stream uses an 
explicit clock, it is not really iiecessao' to specify the clock 
rate. Another bit processor tjiat confoniis to onr generic 
model should be able to accept the bit stream knowing only 
Ihal there is m\ explicit clock signal. Any jiractical in^plemen- 
tatioti, however, will have a finite clock rate specili cation, so 
it Ls a good if lea to specify all such peifonnance requirements 
as pait of the bit stream description. 

The definition of the bit processor in our exam]ile looks 
like tins: 

hiput Port: 

Data Liter face: Required See hit stream delhiilion for 

physl cal requirements . 
("'lock Interface; Not required, bii stream is im]i licit ly 

clocked. 
Frame Sync Interface: NtH reriiiired, bit stream is 

implicitly framed. 

Output PoU: 

Data Interface: Required, Standard TTL output 

specrficatiojis. 
Clock hiterface: Required, bit stream is explicitly 

clocked. The interface consists of a single clock 

onlput signal meeting standard TTL logic 

specitlcations. 
Frame Sync hiteiface: Not lequued, bit stream is 

implicitly framed. 



Transformation Algorithm: 

L Use a rornbination of the given hand rate, an iJitenml 

high-speed clock, and data signal transitions to locate bit 

centers. 

2. Sample the input tlata at the bil centers antl retransmit on 

the output: data interface. Tiansnut I lie sampling clock on 

the output clock interface. 

The nt Mini aljiuiijliiTi would probably need tol>emore so^ 
pliisiicaUHl, biJT [his simple example illusuates llie process 
of mapping a real conummication system onto the generic 
model A more complex example is given in Fig, 2, 

Modularity 

The example just given was quite simple but can seiTe to 
illustrate an important feature of the mcjdel. As mentioned 
befoie, another bit processor upstream of the one described 
might fuilher transfonn the bit sOemn, perhaps aligning itself 
to ihe fr^unutg markers mid extmctuig the data field. Tlie data 
field could then be passed to yet another bit processor, and 
so oir We call this feature of the model modidariiy. Using 
this idea, wc can conceptually break up a serial communica- 
tion system uUo smaller, simpk^r pieces consistuig of a series 
of bit processors connected by a series of serLal bit streams. 

Modularity also aids the processing of hierarchical bit 
streams, Tlic functions of demultiplexing and logical bit pro^ 
cessuig can be tli\nded tunong more than one bit j^rocessor. 

Hardware Arehitecture 

As we have seen, real -world bit streams and communication 
systems can be described by carefully specifying each prop- 
erty of the generic model, hi other words, the model can 
e f te ct i V e I y i w \ 1 1 1 i e a i \y se r I al £■ o m n u i r i i cati o 1 1 sys i e rn . A se- 
quencer architecture (hat e>caet]y implenumts the generic 
model would therefore be easUy programmed to test any 
serial bit stream or protocol. 

We knew of course that a variety of const ran Us (tlie iawy of 
physics, for example) would limit our ability to implement 
the model exactly. We also knew an abstract model that 
could not be implemented well enough to solve real test 
prol.ilems wf mid be useless, so we re\1siied the test prob- 
lems described earlier. We examined each test problem, 
looking for issues that juight affect the way in wliich w^e 
chose to implement the model 

Complex Physical (Electrical) Interfaces. Tlie model handle.^ 
this quite easily. r)nc simply describes the chararteristics on 
a sheet of paper i\n actuiil unplejnentation. how'ever, is 
quite different- We decided early on that it was not feasible 
to implement hardware compatible with any possible elec- 
friral inierrace! Instead, we chuse to implement hardwaieof 
se\ eral different classes, each chiss ( ■apaljle of handling a 
family of related physical bit streams. 

Multiple Interfaces Operating at Unrelated Bit Rates. Tlie generic 
model does not address ihis issue, alihou^h the model can 
be used to describe each indl%idual interface. We decided 
tliat this implied a multichaiuiel architectme in which each 
channel was capable of o|ieratmg essentially independently 
of the others. 
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Frame Check Sequence! 



AlgoritNm: Use frame 
sync signal tc locate 
D bits and transmit 
them upstream. 



Physical SpeoilicaTiairs: Binary TTL 
Symbol SynchronizatiDn: Exp Lie it 
Framing: Implicit, hunched 

pattern = 01111 no 
IFF Length > ^ D Symbols 
IFF Pattern: 1 
Logical Channel Identification: Implicit 

f channel ID embedded in data field) 



Algorithm: Sync to framing pattern 
(01111110) and transmit synchronoiis 
frame sync bounding the frame. 
Chech far correct frame check 
sequence. Extract data packet and 
frame check sequence and transmit 
upstream. 







Physic a r Specifications: Binary TTL 

S^mUol Synchromzatjon: Explicit 

Framing: Explicit 

IFF Length = 

Logical Chaonel Identification! Explicit 



Serial Test 
Sequencer 



recerve into D&la. irtio FCS 

it Data = TEf.asaignrnBnt. packet Then 

cair Process. TEE 
enii If 
receive into Daia, inia f CS 



end procost 



Serial Tast Language Fragment 



Fig- 2. Pmrf'-si^itif^ an IvSDN S-liiis I.) rttainifi. 



Altlximgli (Hir oiiginal goal was to make test rli'volajjiuenl 
fasier and easier, we also realised iltai a nTttltifhanriel. roii- 
ciirreni aTt^hiterlure t'tnild dmniatit-ally iurrease test 
throiiglijHil, Forexainplt\ n lf>fig bit entii' rate ti-sf tuviUl Up 
nin sitntJliaii(M>itsly nji all rfmunels of a nnillicliaimel DIX 

flondeterfnififstjc Bit Streams. In the n\o(k'h any liort of cat- 
eiilatinn or afliustiiit^iit olinfoniiafion in ihe Int f^stream is 
specifiefl by tlte trarvsrnnnation algtmthtiL We tluju^^ht there 
were rwo areas firijiipkntientntifni tltal t cnilti l>e afrecteti l)y 
this issue. First, we th(Jti^4hl ii Jiiigiil stMaeiiim^s h(^ iieeess;ir>^ 
for an algoriitirrt to aceess iiiloniTalioji froii^ fxjth llie trans- 
mil and rereive i)it streams stmiiltaneously. This iinpUed the 
neod to process lioUi l>lt streams within the same l>ii jirot'es- 
son Seifiodly. we knew thai any ariual tmfiietnenuiiitHi of a 
\n\ professor would luuv limits, s<» wr waiUed to he able to 
rasearle or rliiiin bit prnri^ssiMs. 

Bit Streams with Embedded Clocks. Oiu sol nt ion lu Uie ])rob- 
letti of complex phy«ietil interfaeOH apj^lies to this problem 
as wt^ll: sets of ilifTereitt haidware each timed to n class of 
embedded clock schemes. 



Hierarchical Bit Streams. Ilitnarchital hil stt earns imt)ly nml- 
tiplt*xiii^, st^ VN c knew ihal our implementation needed lu be 
gotid af limHlliJig multiplexed bit streams. This again iniplied 
the need for r^LScadable bit pmcessors. 

The architecnjre that inemu ally emerged from tht^se consitl- 
eralions is shown jti Fig. :^. The mchiteettire is nmltiihannel 
in nature. The Ogtire shows a single chmutel of the aichitec^- 
fiire in the center wit It a4jaeent 4'hanuels al>ove anrl lielow^. 
Each chaimel is tlesigiUMl to attach to a single hit stream of 
the DUL 

Each chatmcl of the arebifecHur contains two inforntation 
sourrc*s/sinks calked Hfiiitf U'si sf'(jftrNrrn'i (STS). hi a iyt>i- 
caJ application, each STtS would process indepeuflent sub- 
channels (logical channels) of the hi! stream, hi Serial Test 
Langttaj*e, each logical eltannei is called a atihsfwam mill is 
crnUtiilled liy a />rf;rc.s.s' itmnitigon the STS. VVtu ti K^titiirt^d by 
the test [a'o||rain, SI'S resources frofu atyarcni lanccssitig 
chaiuiels can also be attached to the bit stream, providing 
up to four substieams rort^aeli bil stream. 
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Fig. ^. \ sinfilr proressiii^ clunmf.'l d'tlie Serial Test Cuni (STC.1 for rlii^ HP 'i(m hoard te.st fmiiily. 



Four channels of the arrhltecture are implemented on the 
HP riOTO Serial Test Card fSTC;) and up lu 12 ST(;s c^an be 
in.staJlf'd in a system. 

Bit Processors 

As shown in Fig. 3» eac-h STC processing channel is com- 
posed of a series oflnt processors conncrted tiy seriiil bit 
streams. The bil [iiocessors ai'e implementerl with the 
XC'30O0 series of field-iirogrammal:jle gate airays (FPGAs) 
from XIUNX t'ompany. An important featme of the XC3000 
series is their RMI-based configmability, Tlte XC'3000 can 
1 ) e J > i( )gra 1 1 1 1 1 1 <^ d ( > 1 1 -t ti e- n y in i i ) e sys ( e ii u so i \o prep ro- 
grammed ti( JMs are needed This feaUire allows Ehe trans- 
fonnation algoriiJ\m of a bit processor to be chaiiged on the 
fly aiid makes these devices ideal for tJiis applicaiion. The 
trmisfonnation algorithms are implemented by circuits in- 
side the XtLlNX devices. Tlic^y Eure ntJt leally either haidwaie 
or softw^are, so we have coined die word fimiftirfnf^ to 
describe this soil of reconfigiirable circuitry'. 

Fig. 4 shows a more detailed view of our standard l>il [na- 
cessor, called a rprmtjigurrtbtp btt prnrpssor. C)r FiHl^. In 
addition to the XILINX XC:]0.i2 FPGA, each HBP also hi- 
cludes a pair of 2K-by-8-bit RAils. The RAMs are connected 
to yCi pins on i Ire FI*GA and are used as required by the cir- 
enitware designer. This RAJV! resource complemenls the 
arcliitecture of tJie FPGA mid ]iro\ides a Im'ge, dense local 
storage element.t Each RBP lias a doi^iistream t>on (10- 
wmds the EJLT) mid mi upstremn poil (towm'ds die STS), 
mid each of these ports supports data trmismission in both 
dueclioiis siniultaneously. 

t Bie XC3flOO series <3f parts is stfyEtwed as an array qI D-type flip-flaps fed by Booltati func- 
tioT^ gEneratoFs This strvjcture meltes ihem well-suited for siate machine and random logc 
designs, bol unsuiisble tDr appJicatJpns r&qtiirmg a lot of storage elements 



Tiie bit streams that interconnect the RBPs are flefined 
according to the generic model All inreniaJ hit streams me 
binmy ITL logic signals and m e* explicitly clocked and ex- 
plicitly framefl. The RBP clock in re if ace pons include da In 
valid a:id ready signals to support multiplexed bit stremns. 

Personality Modules 

We use prr^otfaiflff uifKhih-'S to implement each mterface 
class. There are currently personality modult^s available foi' 
TTL, ISDN S-bus and ISDN U-bus electric^il formats. As a 
whole, the personality module senses as a bit processor and 
is responsilrte for eonveiliiig ihe external serial bit stream 
into a roiMuii c uJii^janble with ibe internal STC serial bit 
stream definition. 

Serial Test Sequencer 

The .serial fes! seqtiencer (STS) is the 11 nil I bit processor in 
Ihe chain. As such, if will (jften be an informal it m source or 




Downstream 
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Dawnstfcam 
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Fie Id- Pragrainnia bl^e 
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iFPGAI 
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Upstream 
Receive Pojt 



Upstream 
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Fig. 4. RtTonljgurable bit proceiisor iirchiiecmre. 
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sink. Recall thai stJUKt^s and sinks are where information is 
generated or analv-zed by a comnnmicaiioii s>^cni. In our 
C'ase, sources and sinks are the meaiis by whic^h ihe f^l 
prugranimer coniniimicales wttii the DIT (in traditional 
ATE remis. ihe sequencer or test pattern generator) 

The STS connects on one side to the iniernal STC bit stream 
format (as do all of our bit processors). The lest program- 
mer ront rob ihe y-ansforotatioii algoriihin of the STS 
through a higli-level prognuiMning language t*alJed (Jte Serial 
Test Language (STL). T!te STS is implemented with a 
Motorola DSP-^(M)()1 digital signaJ processor The processor 
is well-suited to compuLationatly- in tensive transformation 
aJgorithnis as well as generat'pm7>ose bil stream I/O. 

Bit Processor liiterconnect 

UTien tesnng a mulri|jjexed or hierarchical bit stream, tlie test 
engineer will topically choose to pro<:ess (drive and receive) 
tfaia Tor each logical rhannei hidci>en(ienily of the others. At 
rlie same time» we have seen that it Ls often ac!%antageous to 
be able to process a bit stream in a series of sequential slepy. 
There is tfien a conflict, gi\'en a finite mimher nf bit pruces- 
sora, between having a large miilriplexuig capability ajid 
ha\ing a large number of sequential processmg stages. This 
is Ijecanse multiplexed bit streams are best addressed by a 
wide, shallow aiTay of bil i>rocessors, but midtistep process- 
ing of a bit stream is best addressed by a naiTower, deeper 
aiTay of bit processors. Our RBP rntercoimect sclieme and 
special resource assigimient software tnintmi^e this conflict 
by allowing a wide viuiet\' of multiplexing mul jiiYjeessing 
anaiigements. 

As shown in Fig. 3, tiiere aie several different interfonnecl 
palhs Ijelween tlie EBPs luul the STSs. Fig, t sliows I lie 
tojjojogy of ea<'h possihle interronnecl combination. Multi- 
plexing is sutjpoiU'fl by rhaanef .sp///ff>r circuit ware loaded 
into t%vo of tlie RBFs (the RBPs labeled n mid 4 in Fig. 3), 
The channel spli tiers art' labele rl (\S in Fig. n. Re.S{*urceH can 
also t>e bonnwe{l from adjaceni professing channels, i^o 
additional Inmiches can lie attached lo a pcrsoniihty module. 

The system softwai^e manages tJus imn'owing, nunimizing 
the total resoinces required for a cusldmer's te*st. If even 
wider multiplexing is ncedetl, personality modules can be 
comiectf-d togerher at the same physical port of the DUT 

Performance 

The STC serial processing i)ipeliiTe was designed to accom- 
modate maximum bit rates of up to 12.5 Mbits per second. 



There are ob\ioiisly some applications that exceed this bit 

rate and cannot he addressed. l>ut the performance of die 
arc"hiti*ctiire is a good match for proprieiaiy lelei^omm PtM 
btackplanes, atitomoti%^e applications. LANs, asynchronoi^ 
protocols at modem rates, ISDN basic rate intetfaees, and 

many other simihtr applications. 

Extensibility 

The test capabihties of the STC are formidable, but there are 

still test cases thai will require special capabihties or slightly 
di^erent funcUonality. STC capabdities can be modified or 
inneased by adding featui'es to current circuitware, adding 
functionahty to exLstuig jiersfjuality modules, developing 
new circuitwaje. or developing new^ jjersonaliiy modules. 
Smce all of the circuitwaie is siijji>lic(i with the system soft- 
ware mid resides on disk, the til's! three of these i*an be 
achieved througli simple softwai'e updates. The last retiuires 
a replacement of an existing [versonality module, but can 
easily be periomied in tlie field. 

Technologies 

Several important technologies contributed to inake the STC 
possible. Tile most important of tliese is the XILINX FI*GA 
technology'. Our aniiitectme reUes on rhe alyihfy to load 
different circuilw^are (transfomiation algoritluiis) for each 
crusfomer test. 

To provide a great deal of timctiouality in as little spac^e as 
possible, we wanted to use the smallest possible packages 
for the FPGAs and t>ther paits. Surface mount technology 
w'as therefore a necessity, and tinc-pltch suilacc mount was 
a vvvy stiTHig w^mit. riifoittinaiely, because of mecbiutical 
iTgistration hmitis, fme-piich sttrfiice mount lechnologj' is 
extremt^ly difficidt to implenieut on large iJiitited (ir<'tiit 
assemblies like rlinse iLsed in the MP :]d7b family of tesi rrs. 
To solvc^ this problem, we dctitied to impleitieni (Vich chan- 
nel of the STC architectuie on smaller modules that would 
])hig into the largei' main printed circuit assembly. This jirn- 
vided Iwxj tnajor benefits, Fii^L we ccmld use fine-pileli 
parts on tlu^se smalU^r modules, and second, trace routing 
on the main lioard was simijlillcd considcnibly. 'lYacc rout- 
ing on iJie modules was still quite dense, bn( if only needed 
lo be done once. 

We also relied hea\ily on digital simulation iechuolojJ>. All 
of (he circuifware fleveU>ped for Ihe STC wa.s sinmlated mhI 
debtiggefl liefore attempting bench tum-ou. It wms imfHirtH-uU 
bJ minimi/e debugging on tiie In ncli hiuause nf the liiglily 
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integi'aied nature of the design. Although it is possible* to 
]irub<^ ihlf^mai FPGA nodes on tlie bench, it Is nmcli easior 
\ii probe during simiilati^jn. 

Eaiiy in ihe project we also exiiei iiiieiited wiiii t>oard-level 
sinitilaiion. The prinmiy module, containing 1 lie STS ^uid 
four HBP^, was fsinuilated its a whokv These sinuilaUoriK 
were mostly intended to venfy the circuity surroiintijng itie 
DSl^V^bOl iukI to viTili Ihe \UW inlerconneei j^ehenie. We 
derided not \o siniulale the entire ST(/ card^ nu*stly because 
of the lack of complete simulator models, to reirospectt this 
laay have been a mistake heeaiLse the vast ni^uority of defects 
on the llrisl STC jjrot«:jt>^:>e were in areas of the circuiLiy for 
winch off-the-shelf models were avtiilable.t 

Software Arcliitectiire 

Up to now, we have fibcusserl the geneiie mnflel of serial 
conimunication systems mul the iiartlwrnearc hitetture 
liased on that model This seelioi^ will provide as^;>ftware 
ovenlew^ of the Serial Test Language t!^TLj. 

Design Goals 

To seT the stage for the software discussion, we'll revievv the 
guiding design ol>jectives for the STC and STL. 

The* prot^ess of studying scjial bit streams, devt^lojiing tJie 
generic niodeL and implementing oiu: serial tesl arclutecture 
origintiily grew out of a desire to ease tlie tesi progiamnung 
problettis presented tjy serial-oriented DlTs. This led to our 
first design goal: lo ^liojleu Ihe lest devekipnieru time hy a 
factor of ten for Ld'Ts with seriid interfaces. M described 
earlier, exist ijig test systems use a single parallel sequencer 
for continuing several serial bit sireanis. The resulting pro- 
grams become veiy cumbersome and complex to create and 
maintain. 

To afldress this problem, tJie STC uses a multiple-tjrbcessor 
architecture to sulKli\ide thi* overall progrtunniing task. 
With STL, we did not hide I lie hardware architecuue from 
die ijrograimner Rattier, we designed the STC user inteiface 
softwai'e \o embody Ihe generic serial protocol model, Tlie 
sofiwtire allovss die luograuuiier to segment a serial lat 
streani into logical pieces. Kach higicai piece can be pro- 
grammed indev>endenttv. This allows the programmer to 
concentrate on specific- functions without keeping ti"ack of 
all tlie additional overhead foiuid in the bit stream. 

The hiUflware and software weie designed <'oneurrently. 
Several hiudwrne changes weie matle in alhjw the software 
interface to better match the generic model Nhuiy of these 
changes were tacilitated 1)>' use of tiie FPCiAs since they 
could be easily redesign eci withoiU a printed circuit boaicl 
revision. 

Tlie conciuTent natiue of our iuxhitecture not only greatly 
ciises the test programming Imrcien, l>yt also prf>\ides a 
cletu' lest throughput ad\ antage for multichannel DlTs. All 
channels of the Dl'T can be tested sinmltaneously. dramati- 
cally reducing the lest time, especially for long bit error rate 

t Tins pari of the desigfi con-sisted mosUy ot discreie Eogic gates and ftap-flDps. so it was quita 
similar m character to !he RBP circu^tware designs Experieitca has ^huv^j) itiar These ^ypes Ejf 
designs are mare prone to destgn defects than higher- level, 'cctokbcar (Jasigns. 



tests. We qtiantiiiied this concurrent test slrateg>' ^ om* sec- 
ond design goal: to inipnwe (est throu^bpnt for nniltichan- 
nel Dl.'Ts l>y a lac tor of ten.tt We decided \n a<ldress this 
problem throu^^h a parallel test strategy. TJte sequencer was 
carefully integratcrl into a complete ATE sysrent which sup- 
port s the ust^ of many p^uiillel sequencers. The softwaie 
ciuillenge vviLs to i>ro\1de an easy-trj-progiam system capable 
of supposing many concuiTenily execittiug processo^^. 

User Environment 

IVpical L)l Ts rtHjuLre system resources sucli as powder stip- 
phes, nonserial digital flrivers and recei%'ers, atul fjthersig- 
naJ souices and detectoi^s to recreate the Dl T's nonnaJ op- 
erating environntent. Tlie plaiforni iiroviding tliese system 
resources is the IIP 3070 family of automatic test equipment. 

The HP 3070 family sut">ports lioUi in-circuit and functionaj 
styles of testing.Ttt Botti st>'les cim lie used togetlier or sep- 
aiately on the HP 3070 system. Tlie STC was tlcsigncrd pri- 
maiily for boaixJ-le\ el ftinctionaJ testing, bnt ran be used for 
device-level functional test. 

The softwtu-e iLser interface of the HP 3070 supports the 
entire process of creal ing a suite of tests for a DITT. The 
in-chcuit test development jirocess involves descnbing the 
components aiiti connections to the system, L'snig this uifor- 
mat ion, the system generates the hifonnation required to 
build a mechanit^al interface betw^een the DVT and the sys- 
tem. This inlVjnuation is also used to generate Lndrvidual 
tests for each com]70iient. 

The fuiu Uonal test t>rocess is similar t)nly tlie edge comiee- 
tor need be described instead of all the com])anents. Tlie 
user then creates resource hbraiies describing the eomiec- 
tion of HP -^f)70 lesomces to the Dt =T edge comiector The 
system uses tiie libraries and edge connector description to 
generate Uie mechanical interface description* 

The highest devel user interface on the HP 3070 system uses 
the IIP \1 E environment iiuiniiig on tlic IIP-L'X''' operating 
system. Specific portions of the test hardware are controlled 
by texHial languages. Tliese languages are similar in structure 
and syniax coiiveniioits and were designed for the specitic 
purtJose ot (est ing I U is. Oveiall tc'St sequcmcing is controlled 
through a textuiil interface ninnhig an Lnteriiretive editor for 
the HP Boaid Test BASIC (BT-BASIC) progranmihig hmguage, 

T!ie standard digital sequencer is controlled by using th*^ 
Vector Control Ijangnage (VCb). This seijiiencer t>io\ides 
parallel digital cajiability. The analog sotUTes and detect oi^ 
and external instnmientatitjn access ate contiolled irsing die 
Analog Test Lingtiage [ ATL), Both languages can be used 
together t(j (est a paitlculai' IH'T A graphic*al Motlf/Xll 



t1 IhG choftE of a factfli ot ten as 3 goal vvas ^amewhat arbitrary hecause the actual ih rough- 
put impro^^ement depe^di cm ttie number of DUT channels An eighT^channel DUT mtghi t>e 
test Ed Dnty eight tirnes taster, whefsas a sfjiteen-chan™] OUT irsjght tje tested sixteen 
Times fasisr 

trt in-circurt testing refars to methods for testing me ym^m components of a D\n SBparaTaly 

while they aie m plac^ m the tioerd. Thss fofm of testing is teased on itie assumption thai 
teshng all ccHnponenis and connections between components ensures that the DUT as a 
whole has tieen properly Tasted Thjs fonn af testing produces aicc^llant fault diagncsis to 
ttie lajling domparient for repair. Functjona] tesimg refers to methods for testing a DUT by 
emulating the Jsvstem envirarrmen! into wiiich if will later he (niegtated. Many DLiTs have an 
edge connector interface, so th'rs is al^ commonly called edge connector functional tastii^g 



84 



Fpbman,' irftl5 npHiiMT-PufkiutlJoiinia 



)Copr. 1949-1998 Hewlett-Packard Co. 



Board Test BASIC 
IBT^BAStC) 



Ifrsi SlalGHiefil 



\ 



Mixed Tesi 



LangELBge 



Language 
(¥CL) 



Serial Test 
(SUI 



Fig. 6. Stnicturir of HP 30TQ testing languages. 

emiroiiment suppons development of VCL and ATL tesjts. 
Fig. 6 jlliistrates this softwtire structure. 

All texiua] sfJtirces ^t* romplled before exe<ntit>n. Tlie test is 
then executed from the BT-BASIC etivironmeitt by use of the 
test statemenL EtT-BASK' is also used to control test re- 
sources lilce power su])pUes. test system operator inTeifaces, 
test results capture, and so on. 

Serial Test Language Overview 

STL was designed specifically for testing serial interfaces. 
Topically, these interfaces require die following caijabililies; 

• Simple, flexible inpiiiyoinptii. AU seiial 1/0 can be segmented 
into a collection of hits cAiiedJmfues, The size of lite franie 
varies dependuig on the application. 

• Frame and bit manipuiation features uic hiding compaiison, 
mocRficatJon, fonnalting, amd concatenation. 

• Complex eon<JIlional constructs tliat execiite in real time. 
For many seiitil jnolocols, this means being able to perform 
10 to 20 statemetns witliin 125 nticroseconds. 

• Support for conversion of frame data to and from mnneiie 
datatypes. Many jjidiocoIs reqtiiie nmtieric processing of 
signals or numerif- control. 

• Sttpporl of mitltiple STCis running conctiiTentJy emulating a 
sit^gle seiial bit stieimi or intiltlple serial bit sHeams. 

• Triggering capabilitifs between concttrn^nl processes 
(i.e,, serial test sequeneer^) and tlie existing IIP 3070 digital 
seqiiem^er. 

• Run-time control of STC personality modtiles and 
reconfigiirable bit processors. 

• Extremely flexible setup of STC personality modules and 
reconfig^mii>le bit processors f RBPs). New [{BP pei-sontilities 
and perstinality modules have i^een designed idler untial 
piTJcluct release. The user uiterfaee is designetl to accept 
these with miniinum softw^are rework and withotil tiistttrbing 
e xis ting c us t ( Kn ( t 1 es I s , 

• Easy programming of the clock signal sources on the STC, 
These clock signal sources are used to simulate the h\\ and 
framing clocks found on tn any serial interfaces. 

Each serial test for a partlctilar DUT Is contained within orte 
source fde. Tliis source file controls all of die STCs reiniired 
for thai, lest. Tiie rnimber of tests depends tni the level of 
diagncjstics desired by the user. Genendly, the usct will 
wiiti' mtilliple tests to exercise dte DUT fully. 

All tna^ior tmits of the serial source C!ode are (organized as 
blof^ks. Each imit begins with a starting block statement and 
is temiinated with an ending block statement, iiiis greatiy 
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serial clock 10 M. clock is 2MB events 

evenly every 61 0351 5625fi internal 

cannefn clkt to 'BCL' 

connect cIliZ tc ~2048~ 

ai «veni a set dkl to 1100' 

at evem %ti cikl to ~t1l1t)QO0' 
end serial clock 

stream II3fM2,. Mailer type 's.vfichronaus' 
cofifiect 'tK_ clock" to "2048' 
conflict "tK data' to "DD" 
tf^nsmit length unkfii^wn 
s«bstream TX_AII 
filter 'xdk CWCCCITT' 
transmit bits all 
end subsiteam 
end stream 

stream 10 M2 Slave type synchfo nous" 
connect "m clock" to "2048'" 
connect "rK_data " to "DD" 
set "n( clock edge" to "tailing" 
receive tength unknown 
subslreamRX.AII 

receive bits all 

filter Kdic CRC-CCITT" 
end subs^ream 
end stream 

process TX_AI I 

JGop 

transmit "MiSSSB" 

transmit 'Mtaaaa" 

end (oap 
snd process 

process RX_AltCaunt1.R1 frames 
dimAAAAS[16] 
loop 

receive into AAAA$,"\h]CJtxH" 

exitifAAAAS^-MrAAAA- 
end loop 
Count ? 
loop 

receive "MrSSBS^'^hstJCXK" 

receive "\hAAAA'V"^hicxx:K" 

Count = Count ^1 

fixitjt Count ^CouHll 
end loop 

R1 frames = Count 
initiate trigyer digital 
end process 

Fig. 7, \n **x;i3!ip]e(jl a Serial Test t^-ingiingt^ (STL) |>rogniiiL 

simplifies pai^sing and dramatical ly irn[.)roves eiTOr diagnostic 
messages. 

The ovenUl smieture Ibra st^iial test is jihisl rated in the 
example si town in Fig, T. 

The serial statement, sefial;CDuml,Hl_f tames, is used to define 
%^mables passed t<:i or frmn the test execution einironment 
CBT-BASIC). This idJrms llejcihility In changing lest execu- 
tion parameters mthout needing to recompil<\ For instance, 
the user can pass in the numt>er of secontls a hit eno!' rate 
( BER) lest is to he executed. 

The oiMional serial clock block, serial clock lOM.clock ..., pn> 
grains the STC clock sources to outjiut specific cUjrk signal 
pattents. Each elcjik section ctnitrols the loin synchrcjmnts 
clock resources found on one STC* These clock genei'atf)rs 
can be s>^nchronized tf> ai^ internal or an external clock 
source. Tlie clot k signals can iiave variahk^ len.t^ths ranging 
from 2 1o 65535 t>aitem thrtnges Iralh'd tnentsk Tiie hir^e 
number of events t'i''*^idesa veo' llexil>le fnrinat Toi delhung 
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ciisl om clock and frani^ sync- signals. Tin* width of each 
event is clefliipcj in naiioseconds or microseconds* 

TftP stream hi<Kk, stream I0M2^ Master type "synch ranous", \i^ 
used to dc'Onc the physic^il characteristics of the seriaJ l>it 
stream and protoeo! to tite earresijonding personality mod- 
ule. Tliere are fjiree pei'sonality niodiite lyfjes: TfL. ISDN 
SRI S, and ISDN VBV^. The ISDN persniialiiy int>dules are 
iiscfl spec ifically for connection to ISDN liMerfaces. The 1TL 
jjeisondity module is a Oexibie collection of pre jgrannnahle 
TTl^-voltage level drivers and receivers useti to bitetface tcj 
generic TTI^Ievel serial l>ir streams. The stieajii ty])P deter- 
mines the jierson^ilily module's mode of ojieraiion. In 1h(* 
above comiTiajid. thi^ keyword "synchronous" pnigrams the 
personality mothile bit processor to expect an explicitly 
clocked bit stream. This tyjie of serial bit stream requires a 
TTL personality [noihde. Ai] error woiikl Ije sigjialed if this 
keyword wc^rc* used anil a TTL personalily nio(kiIe <Iidn't 
exist. The electrical levels of the personality modules me 
fixed, but the stream protocols are progrtimmable. Tlie ex~ 
aui])le in Fig. 7 is mi i^xplic-itly <k:K'ked and impheitly framed 
l)it sti'eam. Thc^refore, die TTL personality moduU" uses two 
signal lines to receive data: rx.dais mul rx_clock. The expUcit 
fi-mning signal line, rxjrame^sync, isn't required by the bit 
processor because the HDLC format has the framing in for- 
mat ion eml)edd€^d in the actual data Iransmiiierl. IMlTerent 
TTL modes me used \o rep]'ogram the hit t>rocessoj' to emit- 
lat<* a variety of serial protocols rmiging from sjyiichronons 
TDM interfaces to asynchronous interfac es like RS~232. 

The mode of the ISDN personality modules c-$i\ be changed 
as well. For example, the ISf)N S-hns module can simulate 
terminal et|uipmeii1 la^ a network terjiiiniitTa'. The automatic 
ISDN synch ronizatiun setjuentes mv differenr dejjt^nding on 
the ISDN mode selected. The mode type rejnograms the 
personality modules circuitware to conform to different 
stream requirements. 

The programmer connects the personality module to the 
UVT by using tlie connect statement connect 'tx_data " to "DD ". 
This statement physically (loses the coiTect STC' telays to 
connect a pejst>nality module's resources To the Dl'T. The 
personality module s resotn-ces are multiplexed. Duruig tlie 
test generation process, the system softw^me will automati- 
cally detemiine the optunal connection method to the DIT. 
This connection method is then used to build the correct 
fixture interface to the DITT 

Each pei-sonality module niode has a set of progratnmable 
featmes. These ai'e controlled by use of set statements: set 
"o(_clock edge'' to "fairing", Tlie set statement is quite generic; 

set "mode description'' to <valije> 

Tlie <value> j>araittet.er can be a numeric or" string identifier 
like "enalilecJ", Each mode has a spe^^ific set of features. If a 
feature is not explicitly set, then a defatilt value is used. 

By deflnilioii from otir generic .serial i^rotocol model, each 
stremn will ha\e a stnicture of bits called a frame. A frame 
of hits is continuously (or oji demand) transmitted or re- 
ceived. Depending on the proioc^ol, ue tnay or may not 
know^ the frame length. Certain serial protocols have the 
frame length embedded in the actual stream of logical biLs; 
HDLC is mi ext^ellenl exmnple. 



The transmit frame length and receive frame length statements are 
used to ca]:)ture this inforuiation. This may be unkiiown 
(which is allowed as a kej^wordj or a number between 2 mid 
409fj. This infonnation is used by the chamiel splitter circuit- 
ware as it inserts or extracts bits from dte stream. 

This leads us to the next block structure, the subslrfam. 
Eatii stremn c;m have between one and four stdi sir cmns, 
Tht^ subst reams aie defuied as a block structure wiihin each 
stream block. The substTcam ])rrjgimns tlie chmmel sphtter 
to tai'get specific bits witliin tlie frame. Each substream can 
receive and transmit bits frojn within each strt^am frame. 
Tlu» bits targeted tiy tht^ channel splitter iu'e therefore either 
extracted or mscrted into the stream frame. Each substream 
luts an associated seritil test sequencer calletl ajfjrtJCCAA'. As- 
sociated substreams and processes have the same name. 
The substream defines which bits of the frame are j^assed lo 
or received from the pifness. The [>rocess com ait is the ac- 
tual progimn used to control the bit values- 

If tlie stream frame lejiglh is know^n. then each substream is 
dellned as a i>ortion or all of the stream frame. Particular 
bits in tiie st recun frame are enumerated frojn 1 U) the frame 
length. The user tags c^crtain stre^mi bits for tlie substream 
U> trmismit or receive by use of the Irynsmit oi' receive biis 
statementHS: transmit bits all, transmit bits 1 to 8. receive bits all. Multi- 
[>le transmit or receive bilsstalements accumulate lagged 
I) its. AJI these liiisaie cf>ncHieiiated (l)y llie STC hardware) 
in order (hit 1 lo bit lU antt tre;ited as a frame by the process 
associated wiiii tliai subslremtt. 

If the stream frame length is imknown because It must be 
recovered from the bit stream, as is the case shown In Fig, 7, 
then the jjrogrammer nutst define a reconfigurable hit pro- 
cessor to oansform ihe bit stream. This is ItleiUilled in the 
substremn l)lock as a [liter statement or block, filter "xdic CRC- 
C CI TT". Set statements cmi be used to cfutlrol the filter in 
much the same way as set statements are used to control 
the tiei-sonality module in the stream block. 

Oui' generic model tillows infinite levels of hit stieam hierm- 
chy. Tlie STC hardwiuc^ sup])orts two levels (stre^mi tmd a 
single layer of substretmis). Atklition^U levels cmi f>e enmlated 
hi the serial language. This has n<jt proved too resiriciive 
since most protocols reqiare no more tluin 1 wo le\ els. Refer 
to Fig. 2 for an example of how' this works. 

Multiple sulistreams can receive the same bits* tnit only one 
substream can tnmsuiit a particular bit . A substream may 
have no bits lieing transmittetl or receiverl. This t iipabihty is 
used to create a process tliat simply controls ot lier processes. 

As stated previously, eadi substream has an associated pro- 
cess, process RX_AII;CoLjntbRl_frames. Each process represents 
an imlependenl program thai is executefl conciuTently with 
all other ]3rocesses defined in a particular serial source j)ro- 
giam. Variables ijsissed intc^ ihe serial test are subsequently 
liassed to individual |>rocesses. The STL] process statements 
were modeled after BT-BASIC. Therefore, the statements 
mid stiiictures allowed in STL [processes inchule: 

• If-then conditionals 

• Logical oi>erators 

• .Assignment 

• U)op/exit if/end loop const met 
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• Subroatines (with data scooping control) 

• Bit error i^Te iei5t fu net ions 

• Numeric fimctions 

• Access to stream aiid filter features ihrou^ control and 
status ftinciioiis. 

Bits to be trajisniitted or received are fommtted a*4 a data 
type csdled ki/nijnf. Frame dara cim be stored in a variable. 
AS, or as a ronstani, such as 10001. Each fnim<* variable is 
simply B linear arraj' of packed bits. From a prograjmning 
perspective, the firame variable is treated like a sdiiig data 
I>TJe, Each fnuiie \'arialile lias a niaximuin teagyi dc*t lared 
by the 6\m statenieiit. The default length Ls lt> bits. 

Data is traitsniitted by the transmit statement transmit IhS^SS". 
AS. t^r received into the process by the receive statement, 
recetve "^hSSSS", imo AS, 

AH process frames are buffered ititemally witliin the serial 
test sequencer. These buffers aJlow the serial test sequencer 
to continue to execute the program and not be tied directly 
to the DLjT iransmit or recei^^e rate. 

AU stiing operations like substring, concatenadon, equahty. 
insertion, and deletion aie siiiJported with the frame data 
t>^e. Each bit of a frame works jitst hkc a character in a 
strijig. The user can use various notations rt>iiiary, octal, 
hexadecimal decimal or ASCII j to assign a value to a frame 
variable. Sitice ??trmg operations were modelecl after Uiose 
in BT-BASIC. programmers familiar \\ irh BASIC languages 
can (luickly leani STL frame opciations. 

An STL process also supports integer, real^ mteger aiTay and 
real an ay data types, Con\'ersioii between integers and 
frame data t,yj)es is siippoited. These data types arc usetl to 
sut)port complex comrol algorithms and digit al signal i^ro- 
cessirif^ uf data. One apj)li<"<ition rrciiiiriiig this capability is 
testijig analog Ime cards. Line cards interface subscriber 
equiptnent, such as a phone, to the pubhc data network. 
Typical tests require a signi (leant aniount of digital signal 
processing Tor testing aniilog- to-digital IransmLssion transfer 
functions. 

Time-r>nler >^equem*e <'<m(rol between processes and the 
digital s(^queneer is barRlk^d by use uf k'velsensitive, rtarne<l 
T riggers. The triggering mechanism has been implemented 
using a simple mailbox a^jproacb. The process sending a 
triggei* places the apj>ropriate f rigger numljer in its assigned 
ntmlbox. Processes receiving trigger are told in which tnail- 
box and for which nuinber tt) look* This implementation 
allows any process to send or receive a trigger to or from 
any other process. lt;ils<Fall<iws miiltijile p roe esses hi re- 
ceive the same Irigger. Ten diHerenl triggers rati l)e sent to 
kmy other process defmed in tiie serial source. In addition to 
inleipiocess iriggeiing. the system suppoits tiiggering to aiid 
Iroiti 1 he parallel digital sequencei; Fur exiimjile, Fig. Sslujws 
(wo raocesses, A and B, sending atid receiving triggers. 

This shupk^ trigger sclieme allows a wide v^uiety of s(>qiieiiee 
< on trot among concurrently exeeuliiig processes and \\w UP 
:^070 digital sequencer. 

All slaiements in the pnK ess sectitJti luv ^ipumixcd for speed. 
Testing imd use have shown thai STL f^an perfnrin a fairly 
complex set of operations in 125 pist to a few milliset ontls. 



Process A 

Tnggef ft<ym 8.5 
Wait ftr Trigger 



fniiiate Trigger 4 



Trigger frqm Qtgitaf^ 
End Pr<»cess * 



Process B 

Initiate Trigger 5 



Trigger trom A,4 

Receive AS 

Ejni if Triggered 
End Looj^ 
EiidPrtKess 



HP307QDig!ml 
Sequeneer 



Fig. 8. Triggering in STL 

Debuggiitg Serial Tests 

The HP 3070 test debugging en\ironment consists of a 
Motlf/Xll interface that comjniinicales with the IiP3tJ70 
system hardware through the BT-BASlC irueractive c^chtor. 

The original debugging emironment supports both the digi- 
tal seqtiejicer and the analog measurement subsysrem* If 
provides an c^j:isy-tf>-use puil-down meim strucruie to control 
the analog iind tligital test ftinctions. \iew digital test vectors 
graphically within ii logic analyzer display, create measiue- 
ment histograms, imd so on. A serial mode was added to 
allow the user to view the status of varial)les. processes, 
connections, and so on. All modes suppoil viewing of the 
textual source code ajKl commands to execute the source 
program mid vIcm- die data. If nec€^ssiir>; the source jirogi^aai 
can be luodined, recompih^d, ;ijid executed from the debug 
ejivironnvem. 

Fig. 9 shows the serial debug environment. The hirgest box 
contains the serial source program. It can lie mnxiiried by 
Uie user in this pane. Tire compile-anrLgo button allows the 
user lo quicklytt rec<mipile jusi the seiial source cofle and 
exe<nite I lie test. Tlie [>ane on tiu' lefi sidt^ contains a list of 
.STL processes. Clicking on one ol' tliese places the source 
prt^gram al the llrst line of thai protressn 

The conmiand puU-down shows the hst of debugging < f>m- 
numds availablCp such as viewing the current contents of 
variables, trigger log, current protx^ss status mu] Ihw num- 
ben and slat us ajid contents (jF the Irausmil mid reeeive 
buffers. 

By various |mll-down menu sr'le<1ions, sjieeifir \ariahlt^s or 
groups of variables of a tiartiruiar t>T>e can be displayed. 
Frame variables can also be displayed in a variety of formats 
(binary, octal hexadecimaL decimal}. 

Tlie trigger log on each procc*ssor raptures the lasf 20 trigger 
events. The events are displayed iJi chr<jnfjiogiciii order This 
helps resolve diftlcnlties wluai triggering b(»i ween procesws 
or die digital sefiuencer- Eaeh trigger event is dis|)layecl in 
the same syntax as the trigger statements in STL. 

Eat h process keeps trac^k of its own statas and line number. 
The status debug eommand di^^plays the curreni status mitJ 

1 12& ^5 IS an impcinari! number in lelijcDmrnuiuti^ittuiis applications because il corresponds to 
The bdSfi: B-kfU fiame rate used throughout the network. 

1 1 Usually in unfier 16 seconds The largest serial xm lo date takss 44 seconds to cnmpjie 
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Fig. !l. Serial tiebiig eiiviroiiniejU, 



places the soHrr*^ ikiik' :ii llu^ line miniht^i [[\v process was 
last execuliiig. 

Special conifiiands mv available to display the contents of 
the 1 1 an sin i I and rect^ve l^ulTors. This allows I he user to see 
what has heen recei it iy transiniUed (in the iransiivii hulfer). 
what was about to be received in STL, ajid what has been 
received by the STC haidw^are. 

Breakpoints can be set by the user by means of the liaK serial 
failing statement. Single-siep execution is noi possible he- 
caase of the real-time nature of the STC. The serial test must 
execute until either the test ends normally or an exc^eption 
occiu^s. K any exception occm's, all serial procc^sses nre im- 
mediately halted (this is iniplcmeni ed by a liai'dware signal) 
and tlie euneiu stains of all serial processt^s is availalHe, 

It is possible to switch to tlie digital {TCL) or analog (ATL) 
test modes by tlie mo<le pul]-dov\ni menu. The interface for 
these modes is veo- similar lo the STL interface. 

Implementation 

llie STL comi)iler was written using i.'++ and object- 
oriented progranmiing tecliniques. In an attemjjt to improve 
our software development process, the STC'/STL group set 
several goals: 

• U^an I ai^ 1 1 use o l>j ec t -o rien \ ed [ myg ra n i m i n g < le velopm eiit 
lechniiiues (usmgC'++ as a deveiopinem laJiguageJ. 

• Leverage lil>raries and tools as much as possible* 

• Dramatically iinpnn e the quality of our products, 

Object-Oriented Prog mmmmg. Ulien we started, object- 
t Mien led iuogramnuiig was a new leclmique in ihe realm of 
software ilevelopjneiUn After investigation and some train- 
ing, we knew diis tectmiijue w^iis not going to be easy or im- 
ntediately rewaixling. hi retrosiJect, the definition of classes 
is a time-consumJJTg task, but is crilieal to the success of a 
project. 



t/se olan ol>ie<t -oriented design provides two jirimary ad- 
viiiuages: belter hardware ahstiacrion and extensibility- An 
object-oriented abstraction models a given hard W' are con- 
stnict like the STC quite imtundly. Olijeet-oriented program- 
ming allow\s a hierarchy of classes denning the various 
hai^dw^are levels to be created easily. 

The absti'action of object-oriented progranuning made the 
STL compiler design much Ciisier and more reaciablen Both 
the huTguage constructs and the STC hardware are encapsu- 
lated in a tiierarchy of classes. Tliey meet at the eode- 
geneiaiion [>hase Ejftiie cr>uipile, where language constructs 
(\N'hieh are simfily an instance of the statement class) invoke 
a niessage to the haidwai'e code-generation classes. 

Ar^ enliancement to the original software was the support of 
real and aiTay data types. Tyiiically, the addition of these 
data t\pes w oiild have taken approximately one engineering 
year. Because of the object-oriented progranuning benefits, 
the addition took only tliree engineering months. 

Leverage. Leverage of existing tools and libraiies saved a 
great amount of time and effort. We leveraged many areas of 
the STL/STC softw^are development. We used the Codelibs 
lihraiy oft* and C-i-+ classes for tlata absUactions ;md algo- 
rithms. We used a third-v>aTt> assemble]' for Ihe STS se- 
quencer progiauuning, Debugguig assembly rode during 
develoi>meni i>f d)e STL ctmitJiler was frn" easier than editing 
biniuy dovsnloads. We e^'entuaDy replaced the assembler 
with a direct hinaiy output to speed up the compiler, hut w-e 
left the assembly output mode as a debugging tool. We used 
wacco, a top-do\^Tl reciusivt^ descent liaising tool, to simplify 
the parser tuid impro% e en'tjr handling, and wt^ used and 
improved iiUentaJ C++ classes for enxjr rei>onmg and file 1/0. 

The qnahty of the existing tools or libraiies shotild be inves- 
tigated carefully before Le\ei'aging tliem into the ju-ofhui. 
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We did not suffer any problems, bm we wer^ careM with 
our dependency on leveraged code. 

Software QjiaHty Assurance. There i^ no shortcut to quality. 
Sifi> of the* j>r<*tiiMi flcvelopoicnt liiiu- was si>ent in <|iia]ity 
assiirance. 

Tltere is tio doubl that defects are far more easiiy fixed in 
earlier phases of software developnienl, but a hIglKiiiality 
product is not ensured until the boiuidaiy' conditions have 
been tested. The objeet-orienied program niing dcsiifn pro- 
cess atid le\'erage of high-<juaJity software contponenis con- 
tributed greatly but we also spent a great deal of effort in 
testing oiu- software. 

Our testing effort focused on two areas: early users (alpha 
sites) aiKl automated regression testing. We developed tests 
on seventl custonter Dl'Ts and used two aii>ha sites to build 
oiu- confidence in the ability of ihe STC to test serial DUTs 
and meet our project goals. We also created a set of tools 
tliat allowed our ^rotip to develop over 900 automatic re- 
gression tests. We used bnmch flow analysis! to refine these 
tests to get to 92^>ii coverage vdthiu the STL compiler. T\w 
regression test suite is also used to a erify that a panirular 
cliatige or defect Hx has not introduced any other defef ^ts. 

STL Summarj^ 

Tlie key STL objectives were to shoilen test development 
time and to increase test throughpur for DL^s using serial 
devices. The ability to tlivitle and conquer the serial bit 
stream using multiple processors has proved very successful 
in reducing tlie lime to implement tests. In some cases, test 
de\''elopment has been reduced from 4 to 6 months to 1 to 2 
weeks. Tlie ai)ility to c*asily test multiple bit streams concur- 
rent ly increases lest thi'oughpiti di cunal icaliy, especially itt 
BEH tests. 

Customer Application Case Studies 

Tlte sequencer architectttre we have describetl in this paper 
was derived from studies of our generic model of seiiaJ 
comttumicatiou systetns, which was itself developed from 
the study of a wide variety of seiial protocols atid DUTs, To 
test the effectivetiess of the new airhitecture, w^e wTOte 
fnnctional tests for riumy serial t>rotocols and customer 
l)f>aniH. Two customer boards useti in these ciise studies are 
describes! in more detail below. 

Case Study 1 

The nrst elastomer board Wcisa telecomm nujliiplexer. Tlie 
board is used to multiplex and demultipk^x fotir :i,[l4.S-Mbit^s 
bit streams to and from a single 8.448- MbitVs bit stream. 
Convert t^rs in the tlxture were used to translate tlie H1)I3^J 
signals in these sd-eams to ITl^crjtnpatibie levels. An addi- 
tional serial bit sbean^ is used tf> send aiul receive com rot 
information to anct from tlie boairf Each of the six serial bit 
streams was attached to an STC processitig channef 

ThecHstotucr had been jnaiutfac taring this tsmtirular board 
for fiveyeajs, mxd had tirought up ilieir suite ot^ fitnctional 

t TtiisTDol inserts prob&s imo ihe sSi^urcB co^e [hat allow reponifig of coverage ot parttcuJar 
^lacution p^ths wjthm a program 



tests for iJie board on two previous lesteis, both of which 
used a traditional partem seqtjencer* Their test suite con- 
sisted of 15 functional tests, and they reported test develo{}- 
ment times of nine months and five months using die two 
previous board testers. L\sitig the STC\ tliev implemented 
theu l5-test suite and 16 additional tests in foiu days— a 
25-fDld decrease from tlieir t>esi previous test development 
time. The tests iniplemente<t included a BER test on all four 
cliamieLs simultan(>ousl> cUid other tests thev simijly tonld 
not perform with the sequencer architecture available on 
the o titer testers. 

Case Study II 

The second customer board was an ISDN r-interface centi^ 
office line card. T!iis boaid lias at^ ISDN I -inteiface for each 
of four subscribet^ mui a seiial bat kr>lane inteiface. Each of 
the five bit streams was attac:hed to an STC pn*cessing 
chaimel. At tJte thne this test was developed we had not yet 
introduced oiu I ; interface personality' module, so commer- 
cial network tenuinators were used to translate ibe sub- 
scriber ciiiumels to ISDN S-inteiface fonnat. Tlie backphme 
of diLs board is a 2,04S-Mbit/s serial bit stream cortfomiing 
to llie IOM-2 protocol. 

Each subscriber poit was split by the STC processing chain 
into two substreams, one to lutndle tlata transfer antl the 
other to hajidle acdvarion control of the ISDN ititerface. The 
backplane bit stremn was also split into substreams. Init in 
this case we chose to use a single tnocess to hmulle all four 
control chamiels. This reduced the total number of STC 
channels tliat would otherwise have been retiuired and did 
not overly complicate the test program. We also handled the 
four data chEinncIs with a single process, using a Sf>ccial. 
o|itimize<i BHH fiatction hnili into STL. This hinrliori can 
receive up lo ;i2 iiuifi>eJttlerii Bl^^ data streams slnuiUa- 
neoiLsly with no inteiTeution or special pnjgraumiirt^ 
required of the test engineer. 

Other Applications 

During jii'oduct development , we tested the ai'cldteclure 
against Jtiany other seiial protocols and formats, im hiding 
ISDN S- atid U-interfaces, RS-2'32-style asynchronous |>roi(> 
coLs, CEFf-:3(h Tl. atitomotive serial interfaces, \k\ llDbC 
control channels, j^ejieric (>4-kl:)it/s bit streams, [OU-2. STBus, 
and variCHts TDM back^ilanes. In each case we were able to 
conimimicate with the bit stream with a minimum of pro- 
gramming time litul effoit. 

Summary and Conclusions 

Based on the case studies and otlier applications described 
abov^e. we have found that when testing seriai-oriented 
DUTs. the new architeclnre offers the folio wiug ativanti^es 
over traditional sequencers: 

• Much faster test develo|Htient 

• Much better test coverage (more runc:tioimlity of the Dl 'T 
can be tested more easily) 

• Much belter throughput (because of the ability lo test 
multiple channels of a DIJT simultaneously) 

• A redaction in fixture electronics. 
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The only pot**ntial disach-antagp of the architect urt? is a 
siiglit increaso in the capital cost of the test system. The 
relative weight of the aclvaji rages aiid di sari vantages is deter- 
lubed by tiie type of Dl'T being tested and the type of test 
being run on thai DIJT Wben testing boards whh multiple 
identical cjumnels, espet ially wben rlie iioaid tests include 
long ( onfonnance tests like BER, the n:l increase in 
thi"OHgbiJUt one eax\ acliieve using Ji STC ciiannels easily 
offsets tlie slight in ice premium of the hai"<lwarc\ Board 
tests that do not include long confon nance tes*ts anrl I It at 
involve signifiCfint overhead becanse of handling or iieavy 
in^nrcuit; testing will not see such a clear cost advaiUage* 
but even then the significant rednctinn in lest de\'eloiiment 
time may offset tlie cost of the haiciwaie. 
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Shortening the Time to Volume 
Production of High-Performance 
Standard Cell ASICs 



Coding guidelines for behavioral modeling and a process for generating 
wire !o3d models that satisfy most timing constraints earfy in the design 
cycle are some of the techniques used in the design process for standard 
cell ASICs. 

liy pJay D* McBoiigal and William E, I'Soung 



As tinie-to^iarket prc?ssm'es contiiiiie to incTease* tiie need 
for shorter design cycle times is nioiie urgent tlum e\'en At the 
sanie time, the demand for liigli peiforrnimce in sl^nijird cell 
ASICs is also mcreasing. Tliese trends are exijecietl to con- 
liime as ciistoniei^ look lo get the most reiiim on iinesTnienr 
rruni the latest IC process teehnolugies. Mimy of rlie design 
consitlenitions needed to ac^hieve these lugli-performant e 
goals f'onijjete diiectly against aihie^ing quic*k time to 
maikei. 

A tyi>ical standard ceil design process mcJiides several itei-a- 
tions m wludi imlividual sicps itmst he repeated to ac^jusi 
for data deterniined al later t>lejis. A connnon e\'iuni>le ol' 
ItiLs is the need to redesign portions of the cij'cuit Avhen 
]}liysical results siu^h iis extracted parasitics are fed back 
into a simulator and peiforniance goals have nol been met. 

'nils pa|)er presents itiethods that help rednce or even elimi- 
nate ihe need For design irerations by iucreasiug the chance 
of "first time i>erfect" ai each design stej). First, we discuss 
t he met hocis develtjped for each f jf the steps in our ASIC 
design process (see Fig. 1) to get shortened throughput 
fiine mid reduced design iterations while still producing 
iiigii-performance cfnniHinents. Next, we present du* results 
uf at ^plying these uiedvods to the tlesign of a CMC JS ASIC 
that is used in HP's X-terminal pi-oducts. 

Behavioral tVIo deling 

Sin(^e higlhlevel behavioral modeling is done ver>' early in 
Ihe flesign flow, tile way in whieli the eode Ls written can 
have a tlraniitlic effect on the downstreatn processes. We 
hitve dt*\elof)cd a sei of liaixlware description language 
I IIDL) guidelirves that, if followed, will n^duce throughput 
time for tiie entire* design flf>w. These g\iidelim^s were col- 
lected from several designee's within HP and have l>een up- 
dated imd juocUfu'd as ai^eas for iintJrovemeul ha%^e b€»e!i 
if leu titled in eacli i>f i he dowiistream processes. 

The HDL coding gnidelines inchule secti(n\s i>u clocking 
strategies, hlock hierarchy ajid sinuitii'*r. nip-no])sand 
latches, state machines, design for test» tec^lmuiues for en- 
suring consistent l>ehavioral mul siructural siruulatio!i, ;uk1 
Synopsys-specific issues (Synopsys is an atnoniatje tit^sigu 
syntliesis tool from Synopsys, Inc.). 



Following these guidelines allows us to avoid many time- 
intensn'e steps later in the design process such as name 
remapping, race analysis, and iterative structural and 
behavioral simulation. 

Synthesis 

Our glial during syiitJiesis is to l^e able to produce a design 
that* when routed, will meet peiforniance goals with the 
sniallest ]>ossible area. We also want to do this wit h as few 
Iterations iu the beha\ioral model and the synthesis scripts 
as possible. 
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Coding Guidelines. Tlie HDL coding guidelines mentioned 
above enaljk- 1 lie creation t>f behavioral models ihai syn- 
thesize predictably in a slianer aniount of time wnh beiier 
perfonnance thaii those created witJiout guidelines. 

Generic Svnthesis Scnpt. To streamline syntltesis we create 
geiteric syntlirsis Hrri|>ts for our tieslgn that contain all of 
the design -specific constraints such as flip-Hop tyj^es, clock 
speed, behavioral iiKnlel Uxaiions. and so on. These scripts 
also inrhule input }mt\ oiilpiit timing constraints, external 
loading, and drive capability. The scripts are used to synthe- 
size all submodides in the design liom the bottom np. Only 
those modules that do not meet timing reqnirernents when 
incoiji orated into rheii' paient module aie resynthesized 
v^^t^^ scripts wTitten speciticaily for them. Ttiis allows the 
na^ority of the blocks to be synthesized veiy quickly. Fig. 2 
shows a portitm of a generic synthesis script, 

Custam Wire Load Models, One of our primary- goals is to per- 
form u singU^ roiiii' wilhuin tmy Ueration. To accomphsh 
Uus, tlie wire loacUng (capacitance cm tlie Ime) estimates 
that aiT used during synthesis have to be conservative. How- 
BVer^ if they aie too consert^ative then it is not possible to 
rneel peifo nuance goals. To determine a wire loading model 
with Uu^ appropriate amount of conservative estiniaiioii for 
our litnar>^ £md tool methodology wc perforn^ed several 
Wire loading experiments. These experiments consisted of 
synthesizing modules of vaiious sines and fiesign t>pes, rout- 
iiig them, and tlien verifying that iheir performance with 
actual wire loads satisfies tJie timing constraints defined for 
the module. Several passes w^eie done for each module 
using a wire load model with vaiying levels of consenatisni, 
Fig. 3 summarizes the process wc used to generate the wire 
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Fig. 3. Ttie prutesjs for generating wirE> load niod<.^ls. 

load model. This process was necessaiy because iuilial wire 
load estimates might be too optinnstit^ For example, Ihe 
mititil capatntance estimate for ont^ connetiion l)et,weeii two 
mverteis might l^e (K04pF^, bnt al^er placement Aiid )t)Lning 
the actual c^apacitance could be f). 1 pF. wiiich might cause 
lite chips liiuing consU'aints not to l>e met. 

Ehuing tiiese experiments, each moduJe was first syiithesked 
ustug average wire load estimates. After rontlng. if Uie mod- 
ules failed tuning, additlottal experiments were peilbnued 
using a progressively more pessmiistic wire load model. 'Flie 
wire load model that was used was generated by selecting a 
point tn the distribution of actual cajjacitances for each fan- 
out that is greater than a given pertrentage of net.s. F^g, 4 
shows a sample distribution of interconnect capacitance for 
nets with a fmioul of two in a tyi^icaJ mod tile. In tins example, 
we wanted to use a model that ivould ijretlict a capacitance 
such tiial 9{M of the wires woulti tyi:)ically have actual capaci- 
tance less thcUi the predicted vahie. To do this wc simply 
used the capacitance value from the chstribntion that was 
greater Uian 90% of the other wire capacitances* This was 
done for each fanont to create a synthesis wire load ntodel 
railed a *'90^'t model,'' 

We used this method to test models that fell within the 
60-to-95-jjercent range. We ft>imcl that imless we used at 
least a ^^O^^^fi wire loading niotlel \\v had some timing viola- 
tions after back-annatatioti* that were not present dining 
synthesis witli esthuated loads. 

We also discovered that the magnitude ;uid distribution of 
tlie routed capacitance wc^re fiiirly cofisistent across ii wdde 

' Backafihotaiion in tJus raftiexT refefs to the process sf taking ths actual capetitiSfica valuas 
extracted from routing and using ttiem during statfe (fming analysis 
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Fig» 4* A sample clistnbutioii uriiityK iJiuir* i t iipneltance for a fan- 
out of two in a Ij^JicaJ ntodide, 

range of module sizes and design types. Thi^ was a siuprise 
and it allows us to use the same wire load models for all 
designs done in the sanie library witliont having fo repeat 
the exi:f£'rinient for eacii design. 

We u&e tlie 90% wire load model derived froni Uie above 
process to help guarantee single-pass routing for all mod- 
uieH using our librar>^ hi addition, we create another moflel 
for wires that are ased for global^' module interconnect. Tills 
is {ione nsittg the same method described above except that 
the \dres used fo create the capactliuice distributions are 
liniited to global wires. This model more act uralely prerlicts 
the higher capacit;nK-'e associated mill top-level intercon- 
nect, Synopsys. our logic syntJiesis tool can automatically 
st^lect the appropriate wire load model to use for each 
global wire. 

Tab le-D riven Models, .^i^olher factor in our ability to acMeve 
high ])erff>rniance aiKJ niinimize cycle time is the accuracy 
(jf the Synopsys iibriiiy^ limitig moilels. 

Tlie biggest problem created by inaccurate synthesis diniiig 
uKjdels is the requirement for numerous iterations betw^een 
synthesis and timing verification to fix timing violations. 
These iterai ions involve changing synthesis constraints, 
Dxerconstrainitig, and replacing ceils by hatid in .some cases- 
Ti nil Jig inaccuracy also leads to poor optiniization decisions, 
resnlfing In nonoptimal circuits m terms of perfonnance and 
area. 

These and (Jther problems are essentially removetJ by the 
new nonlinear (able-ciri\-en riming models in Synopsy.s- With 
tbese models, liming can be made to matcb the Spire ehai- 
acrerizaiiou tables for eac^h cell in the libraiy. The transition 
time defmkion can also be made to match exactly so tJiat it 
can be con.st rained properly. 

The HP C2nill2S!l lihran^ '^ui)ports this n<nv tuodt^! aiul 
allows us 1(1 get actnrale liming \nm\ our synlhe^is packagt^ 
so thai there are no liming or operaiing condition violaiions 
in the timing verificadon step. Besides l\w oiiviotLS bene fit of 
redncing iterations, this new library and timing model gives 

* Global wires Bfd ttve Intarconnectlng wires b^tweerr mjbmoduJes on a thip. 



us performance and density improvements. The perfor- 
mance is improved because the synthesis tool is now work- 
ing on the correct patlis and is able to general^ faster cir- 
cuits. Density is also improved for the same reason. Since 
incorrecl paths are no longer being optimized incorrectly 
and overconstraining Is not necessary, the overaU design 
size is smaller, hi addition* t he impro\-ement in transition- 
time modeling and constraints avoids the neetl to apply a 
global transition-ume constraint to the design %vhjch can 
lead lo ov^rsizing many ceils. 

TImiitg Coitstraints 

As an additional method of ensuring that our perfomtance 
goals are met without having to do multiple routing passes, 
we liave added the process of driving the placement witli 
constraints derived from sy^ilhesis. 

Because Synopsys timing is very accurate with table-driven 
models, it can be used duectly to create timing constraints 
imposed on the router. Tliis is done using the Sttmdard 
Delay Format timmg output ui Synopsys, Crirical path tim- 
ing is wiltten in Standard Delay Fonnat which can then be 
converted to Design Exchange Fonnat and inpul to CeU3*''^ 
with the nethst. These timing constraints become part of the 
overall constrain! equation for the placer 

Several thousand constraints can be qtiickly and easily gen- 
erated using this method. However, only those paths that are 
within a few percent of failing wiih estimated loads should 
he ci nstrained. If an appropriate wire load model is used^ 
the rest of the paths should meet their timing without bemg 
C'onstrained. Having too many paths constrain etl will slow the 
placement process and may produce inferior results. How- 
ever, we have siitxessfully constrained Lip to a thousand 
paths. 

Place and Route 

Our goals during placement and routing are to implement 
tbe design m the smallest possible area, meet all specified 
perfornmnce goals, anrl minhnize the number of iteraiions 
through the process. 

Timing-D riven Placement. Timii^-driven pi acement is the pro- 
cess of driving the placer with the timing constraints <nitput 
from a timing aiialy;ier (Synopsys, in tbis case). Tlie following 
factors are impt>rtant in successfully using tliis technique, 

• Accurate tnuing models iise<i for static timing atialysLs. As 
mentioned above, ace urate timing models are critical to 
ensure that the synthesis program works on tbe right paths 
and that the tiJiiing constraints are accurate, 

• Aecui^ate cell delay tnfonnation fed to the placer Our place- 
ment program, Cell3. uses a tvi'o- or tliree-parameteT delay 
equation. Tlie tv^'o-paia meter equation calculates delay \\ith 
an intrinsic component mid a kmd flejiendenf componeiU. 
The three-parameter equation modifies the intrinsic delay to 
reflect its dependency on the input slope. To drive the placer 
with accurate data, it is important that Cello's delay calcula- 
tion match that used by the timing analyzei' as rdosely as 
Ilossibk^ Table I shows I he conelation ;>btained from eiich 
of these models ront|>aretl io the data used by the timing 
analyzer. Tlie data in the table is for 100 representative 
jjallis, varying in lengtb from 1 lo 71 cells. 

*• GelO rs (he placemsni and muting pragram we u^e. whtch comes horn Cadunc© Desfgri 
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As sho\Mi in Table I, Cello's three-|>arameter model pro- 
vider greatly iniprovpf! rlelay modeling eompareti to llie 
two-jjartimeier model. Beraiise of ils impnntHl arniraey, the 
three-para meter model is now used as the st-ajidaj'd during 
t i m i ng-dri veil place me n t , 
I Accumte estimates of inter comiect. For synthesis, intercon- 
nect (If^lay is si>eciried by the 90^Kj wire load models. For 
pkueruern. il is imj>oi1ant that the placer has a good idea of 
what ir < an exj>eet in terms of average per-layer ^\iring ca- 
pacitance for eaclr signal These numbers are determined by 
aniUyzing v^iring distribijtlons on previtaisly rotited chips. 

Clock Tree Svnthesis and Verificatton. Typical ASICS are 
driven [jy single or nnihijile higfi-speed clocks. Tliese clocks 
drive lliousauds uf IliiJ-Hops and must have lt>w msertion 
delay mul skew to rueet tjettormance reqiiiivuienis. To im- 
plciuent these balauced clocks, s])ecial plaeenu^nt and rout- 
ing featiues must be used. CeI13's clock tree synthesis tools 
are used to insert a buffer tree for each clock (see Rg. 5). 
The clocks are t hen prerouted using vaiious forms of Cell3's 
balancerl routing let Imiciues. This method hits met \%ith 
mixed succeas. Excellent results can be obtained by using 

the detailed balanced router, w^hich is mcluded as pai1 of 
Cell'3's clock tree synthesis option. Mowe\ cr, siuce this tool 



To Flip-ricrps 



Clack tnpitt 




Fig. 0. A typif at clock buffer Lree. Insertion delay for tliis cDriBgtii'a- 
tion is the average delay from the tlock input id the nii>fIops. Skew 
m the difference between thc^ sflionest and longest dekiys. 



has pro\cn not to be as robust as we would like, we have 
found that an easier and much more robust nu"^ihod is to use 
Cetl^i's bahuieed global Jouting, which meets the !ieeds of 
most hlgh-pt^rfomt^mce standard cell ASICs. 

Actual clock delay and skew are verified iising the RC ex- 
traction capability provided in CheckMate;''' The general 
steps involved in using this approach include: 

• Comtdete thi^ (jhysical implementation of the clocks. 

• Extract (via ChecJiMatcJ RC information for all nets m llie 
design. 

• C^reaie a Spice netlist conlaiiung only the cells and nets In 
the clock trees. (The desired nets and cells me sijecilted to 
CheckMate s Spice writer. ) 

• Adti custom circuit conditions (external loads* etc.). 

• Rim the Spice job. 

C'ell3 can aiso provide cJo€k and skew htformatioii. l)ut the 
steps listed allow us to obtain more acc^uracy and to Vniild 
contidenre in the Cell-i nund>eis. 

Automatic Scan Insertion, Automatic scan insertion is done 
(lining die roudng process. Tliis makes it tiossible to include 
scan logic withovtt having to design it m dmiiig behavioral 
coding. However, there ai e rules m the HDL coding guide- 
iines that uuist be followed lotnake automalic irvsertion 
j>ossJble. I 'sing automatic inseititai leduces ihe r(ant*^*^^Jty 
of the behavioral design ;uid ehminau^s iieraiioi\ l>ecause of 
scan clock skew, scan chain ordering, and timing peifor- 
maivce issues. The use of automatic* scan inseitirni is made 
possible by the use of an internal too! diat performs insertion 
anti o] itimization. * 

Results 

A chip in which the t^ro cesses described above have I)een 
applied is a CMr)S ASIC that is user I in HP's X-terminals. Its 
ruidu functions m'c memory and data i)adi control The chip 
contains 270.000 transistors and runs at multiple clock 
freqttencies of 50, 100, mul 3:j MHz. 

Frir this chip, the 1000 timing patlis with the smallest timing 
margin wc^rt^ injiut as constraints fed to the Cel];J placer. 
(^41^^ mei all (if the consirainls oji ihe tli-st |)ass and sulise- 
queni tinning iuialysls verified thai iUI the paths ^vere satisfit^L 
More important, no other tiniing violations were creat.efl 
because of die constraints on the tightest paths. If thai had 
occurred, we were piepared to exercise the Synojrsys in- 
placf^ oplimization flow. Tliis flow dcies in-piace up m\{\ thwn 
slicing of cell drives kis necessary to meet timing const riiijihs. 
This step proved to be unnecessary for our X-terminal ASIC, 
lite 90% wire load models were adequate. 

Tiie multii^lc clock domains on the ASIC are all deriv ed froju 
a 100-Mlk input clock, fhe chip has three domains ami each 
contains api>nmnuUely VA^i) WipAlny^s. To meet perfornuuice 
goals, the skew aei oss all of these donuiins had to be less 
than 0.5 ns and the insertion delays \vm\ to be ttiatched 
within ! ns. After placement and routing, clock delay and 
skew verific aiion was don*.* using the CheckMate RC extrac- 
tion tool. Fig. 6 shows the Spice results obtiuued on one 
representative clock tree. Ail clock trees were found to have 
acceptable skew. Tliis tight clock skew was a key farlor iit 
achie\ing the ASIC's aggiTssive performance goals. 

• CheckMate is an artwork verificatjcn and parasitic .ejclrsdf on tool from MEntai Graphics Carp. 



94 



Kt 'b !iiar>' tllflfj I fewlf iT-Pai-'kard .U iiin j n I 



)Copr. 1949-1998 Hewlett-Packard Co. 




BM SM 6.50 G.55 S.60 

Dday jns] 



6^ 



6.70 



Fig. 6, Spice clock delay aiul skew results. 

It is oui' goal to characterize Cell3 s delay calculation to Hie 
point at wliich we can use its delay lumibers for clock skew 
veri tl ( ' a ti on wi 1 1 1 aot ih v m 1 1 ! i ti f ) n al c o m p te x i I y o f i isi ng 
Spice. Table II shows tiie correiaiian obtained between Cell-J 
and Spice for the clocks on the X-tenninal .^SIC. 

Tabte II 

te\l3 to Spice Correlation 

Cell3 Spice Delta 

Best Case 2H4 us 2.50 ns Al9-}^ 

Worst Case 2.^3 ns 2.57 as -13.2% 

The results of tliis coiTclation itrc vory encoiu'agiiij^. The ofT- 
sel is relatively constant, arid the* ('ell'^ nuinln'^rs are always 
more conservative than die S[)i(e nunibcis. This [^ because 
Oell3's per-layer capacitarvce C(jastiUMs cire iuunHioiinJiy 
skewed toward the conservative end n[' (he vmxge. 

Contributing Factors 

Tile foUowmg factors played a part in pixiducing the 
result,s mentioned above an<l providing a chip diat ruei the 
specifications. 

Library Design, One of the m^or rontributiiig factors for 
met^ting our densitj^ and i>erforniance goals is the use of 
higlmjuality hbraries such tis the new MP C26102SH (O.H f.un) 
standard coll Ubrary. Tliis lilinu^ is a scaled-tip vension of the 
HP t '141tJ4SII libran'- developed for our fMOSM (0.5 ^m) 
process.^ 

One m^or improvement imrodiK*ed with the HP C26102SH 
hbrnry ?s that it is tuned for Cell'l while maintaining com- 
patibility with other routers. For a roughly square core, the 
libraiy allows a \^ejry even distribution of horizontal and ver- 
tical routing resources. Tliis gives the placer more freedom 
to flrtd au optimal solution. The use cjf advanced layout tech- 
nitjues, along wilh the exiiloitiiiioii af new process design 
tiiles^ alk)ws smaller cells that proside the same functionah 
hy iLH previous library' versioris. Finally, acivmu erl router 




Fan DO! 

Fig, 7, Wue capacitance versus fanoui In two tell libraries. The HP 
r2(^ ] 1 SH lil>rnrj' is the oUk^r (MiySm lihraiy. 

model generation pro\ides fully gridded rrjiiJing untl opti- 
mum pm locations, which improves botii deiisity and nm 
time. Tliese factoi-s result hi a reduction in average wire 
length for a given fjmoui, Tlie improvement in wire capaci- 
tance as compajetl to die previous cetl hbraiy is shown in 
Fig. 7. 

/knottier area n( imjiroveinent is in the drive sizes of the 
ceils. The "slairsteii {Jesigti"'^ approach was used to deter- 
mine a|>propriate drive mcrements. The stahstep design 
a[Jt>roach is a melliod f»f sizing gates to provide ojitinunrt 
are;i v<^H^us |ierfonitaiue chaiacteristics for i^ach i t'll in the 
libraiy. As a result of using tliLs approach, the IIP C2(U 02811 
library provides more drive increments for Syuopsys lo map 
to, avoiding the excessive area penalty imposed when a 
higher drive cell must be swapped into a palh that is just 
missing timing. 

Ftnatly, this is the first library lo use the more accurate!' tabh*- 
driv^n Synopsys models. As discussed previously, this iiil<.)\\ s 
more accurate delay calculations and eliminates correlation 
issues with other tinihig verification tools. 

Since the HP 0261 02SH in>rary is a scaled-up version of the 
HP C141()4SH libraiy. ^dl these advantages will contmue uito 
the next process geueiation. 

Design Methodology. Our design methodology was (jareMJy 
construcKTl tu piTKiuce a chi|> that met aggressive timing 
goals in a reasonable aitiouiit of lime, Tlie LHJ% wire load 
models improved the chances of first time perfect di rough 
the routing cycle* albeit at some loss of performante mid tlie 
size. This was an intentional choice designed to miuiinize lite 
design cycle time, while still meeting perfonnance targets. 

The llDb coding guidelines enabled the creation of a design 
that was easily syntliesized. They also enabled the use of 
automatic scan msertion and test vector generation. 
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Finally^ by imposing a set of automated naming rules during 
syntliesis, tool compalibilify issues were minhnii^efl. These 
iianmig restrictions eliniiiiated name remapping ajid cross- 
referencing throughout the design How. 

Point iQoh. Several l<cy point tr>oLs are nere.^saiy to siippoii: 
the design How discussed in tliis paper. Synapsys mth table- 
dri%'en delay models is required to provide acrurate static 
timing analysis imd v^ilid constjainis to \he placer. feilSis 
tlming-ilriven placement is rtxiuired to implement the critical 
patJi timing ouixjnt ttom Synoijsys. An automatic test genera- 
tion (ATG ) fool is required ^o insert and optiiiiizG the scan 
chain automatically and produce appropriate test vectors. 



Alternate Ways of Prelayout Capacitance Estimation. OtJier 
niethods for accm'are eai ly capacitance estimation are avail- 
able that don't require a preliminary route. Promising im- 
provement ai'eas here include using adv^mced floor planning 
earlier in the design cycle and nctlisl-b^ised c^apacitance 
esijiuation that includes not just fanout but other factors 
such as estimated chip size and tyjjes of cells connected to 
each %vire. 

In -Place Optimization. Use less eonseivative wire loads for 
p reroute estimation with expai^ded use of !inks-to-layoui 
dming the synthesis ant1 placement loop to enable hi^er 
performance wiih mininial impact on cycle time. 



Possible Improvements 

Although we have been successful wixh the methods de- 
scribefi i]i lliis p<^P«?*t there ai^e still some areas for 
imj:»rovemem . 

Timing Verification in Synopsys. Eliminate Wrilog functional 
timing simulation by relying on Synopsys static timing 
analysis for verification. 

More Automation of Clock Insertion. As mentioned, further 
characterization of CellrTs delay calculation is necessary to 
eiuninate the need for Spice clock verification. Another area 
of improvement here is to work with Cadence to unprovc 
the hahmced routing capabitity of CellS. 
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A Framework for Insight into tlie 
Impact of Interconnect on 0.35-|im 
VLSI Performance 



A design and learning tool called AIM (advanced interconnect modeling) 
provides VLSI circuit and technology designers with the capability to 
mode!, optimize, and scale total delay in the presence of interconnect. 

by Prasad R^e 



On-(iijp iiiieix'onneci is liaviiig aii increasuig imjjaci <ki \\w 
performimce of \'LS1 chipsj. FVevlous work in ttiis area froiii 
a tecliiTologirai pers|>erdvp has conct'ntraiefl mainly on the 
RC delay of tlie intf^ixxiniiect. ' For cast^ in wliicli die th1\iiig 
gate has been iiiclucletl in the analysis, there has not been an 
equal emphasis on acc^urate modeling of the resistanee and 
capacitance of die interconnect £ind tiie mterconnect s depen- 
dene e on ViiiioiLS dimensions.- The prf>l>lem neecis to be ex- 
aminetl rrorn the compreheasive perspecrive of including the 
gale in tJie delay analysis, using accm^te models for die total 
delay, and including the dependence of delay on vaitous 
parameters m the circuit and technological domains, 

AIM (advanceci interconnert mofJeling) is an efficient, accu- 
rate fi-amework to luialyze iind o|>tijnize a fiindiunentiil liiiild- 
ing block of all VLSI critical padis, namely an aibitjaiy gate 



Glosssary 

The fo!(owing definitions explain terms as they iare used in the context of the 
acMmpanymg article. 

Cjn {input capacitance), C,n is praportionat to the product of gate oxide capaci- 
TancB per unit a? Bd. ihe gate tength, and the gate wtdth The gate width is the 
iciiaf widlh of all the transistors tied to the input. Cin is often represented by the 
gate width in units of ^im 

CireuEt Domain, The circutt domarn refers to the design realm of the cixmt de- 
signer. Specif icallv. certain quantities are under the cGritrol of the circuit designer 
in the context of interconnect delay These include the wire width, length, and 
space, or tf^e gate width 

HIVE. HIVE IS an internal HP software package that creates closed functions of 

wire capacitance components as a function of the relevant get}metncal QLantities. 

HIVE starts with the wire geometries, performs ZD numerical fieJd simulaimns and 
arrives at closest-tit analyticat functions 

Irrlercoiineci Interconnect refers to the conducting wires an ar^ integrated circuit 
ch'P Eliat L'onnect the components to each other and carry electrical signals. 

Technological Domain, The technological domam refers to the design realm 
of the process technology designer Certain quantities that affect gate delay in the 
presence of mterconnect are under control of the technology designer These 
quantities include wire thickness, interlayer spacing, transistor gate oxide 
thickness, and so on 




Gale Delay 



Wire Delay 



Fig. I. BnsU: biiiltting bl^k inodelt?fl by AIM. 

(iii^lng an arbitrary on-^Jiip intercoiuiect AIM is a design 
anri learning triol for botli circuit antl tcclniolog>' clesignei^s 
contonicd about careful mcKicling, t>riHTiction, ^md scaling 
of total delay in the presence of interconnect, 

AIM inc'lntle*^ circnit mu] process H'f'lin<jlog.v variables while 
jyriniding a framework to niajiage a laige design space. MM 
is also computationally efficient wbile acconnting for impor- 
tant effects Like interline capacitance and flistiibuted RCs. it 
also ser%'es as a bridge bet^\'een circuit and tet hnolo^^ de- 
signers to allow for combined oplimi^^rtiori nf interconnect f? 
iji lnilli dnmain?i. Tbis paper describes ibe tielay model 
tised in AIM, its imi>lementation and %^enficati<.in. and some 
example analyses. 

System Modelled by AIM 

AH criLii al t>aths of ( M()S/BiC'M()S VXSl chips can be divided 
ijito a seit^it^"i^*^'L' of basic blocks, each consisting of a sv%itched 
active device driving a load and im interconnect. Fig. 1 
show^s a typical rej>reHcnt alien of a t^asic building block. The 
switched device (logic gate) can be represented v^itliottt biss 
of gtmerality by a simple nivt^ler with input cat>^i*^"i^^^t't' Qn* 
The load cfmsists of all nonvvin^ catiaritanccs. ty^iicidly gate 
oxide aitfl soui*ce/(hain junctions. These cajiacitances are 
located at tlnec* plact^s: at the begirming of the wiie ( Cit^.,^). 
at the end of the wire fCtii„|), aiul flistiibuted along the vvire 
(Cfijsi). Note thai ibe disttilmtiMl s apai ilanre of the wire is 
distinct Irtnn ('tiiHi mtd is di.seussi'd in rletail below. 

The interconnect wiiie presents a distributed resistance 
(K^viri") ^^d a distrit)uted caiKicitmue (C^jj-,.). Rwiiemid C\vjri, 
are functions of the wire geometry shown in Pig. 2. Tlie 



VA) n i ;iry \ ! H i5 1 1 1- w \vu -Parl^artl Joumjal 97 



)Copr. 1949-1998 Hewlett-Packard Co. 




I Uppgr l ayer 



Wire 



Intertifie 



(ai 



m 



id 



Lower Layer 



n=Wire 



Fig* 2. Wire geomel.r>^. (a) (.ircult 

r.lfTrn£U!i variiiblt'S.. (b) Tetltiioiogy 

domain variables. 



dimonsioiis iii Fig. 2 show the variables that represc»iit the 
size (v\itltli w, length L, ^mtl thickiit'ss t J of a topical ^\iie, tuicl 
tile seijaration of Uie wire from eon due tors that are above 
(su), below (stt), m\i\ acljaeent (s) to it. L, w, !:iiid s are vari- 
ables in the cireiiit cioniain, while I,, su, and stl are vartatiles 
in the teclinology domain. 

A miiltilaypr interromii^rl system, like the one shown in 
Fig. 2. provides different values oft, sil and sfl depending on 
the wire layer^ (polysihcon. Ml, M2, M3, M4, etc.), upper 
conductor (Ml, M2, M'S, M4, or none), and lower conductor 
(substrate, polysilicon. Ml, M2, Mr3. etc/). AIM allows all 
|)ermmations of layerantl upper anri lower con due- toi*s, A 
layer vaii able in the t in uil donuiiii is deline^l (ha( can lake 
tm any value selected from these pennutations. 

The upper and U:>wer conductors, when present, dw as- 
sumed to be coniinuous ]jia1es of conductors. To a first 
order, this is an accejitabJe approximation when the upper 
and lower layers have densely spared wires. The acljacent 
wu'es are assumed to be equidistant on botli sides. For sim- 
plicityj tile Rwire ^^^^^ ^wiis ititerconnect components aie 
assumed to be uniformly distributed along the length of the 
wire. Any changes in layer or wire geometry diat tfhange 
f^wlri' ^1' ^wirc ^i'*"" impoitant for' ca])acitance extractions in 
actual layouts. There is no value to uitroducing this com- 
plication mto ALM* where laiger trends in delay on various 
parameters are of interest. Also, there would be no general- 
ity in choosing a particulm' change in Rwire or CVirp along 
the wire. 

AIM Delay Model 

A key ieauire of AIM is that the logic gate delay is included 
as a full paiticijiant in tlie interctinnet t delay ajialysis. (rate 
delay is defined as tlie delay fi'om the gate input to the he- 
gimimg of t]ie wire (see Fig. 1 ). Wire €lelay la the delay from 
the hegi!i)\ing of the wire to the end, and includes the effect 
of C, ij.it' The total delay is the sum of gate and wire delays: 

delay = l^ie + Unre* (1) 

Tlie gate delay is expressed ui a delay-vei'sus-fanouT fonnal 
instead of simplifying the gate as an equivalent resistance as 
described m reference 2. The fan out is thesim^ of all the 
capacitance seeit by die gale as if it were all limiped at tJie 
output, divided by the inpul capacitance: 



tgate = to + slope (Cbeg + Cwin^ + C^usi + t^end.)^^ 'ii 

— K X tv^'jiY^i 

' Ml . M2, M3, and so on represent riiffersflt types at meiaJ layers 



(2) 



where t<> is the y-uitercept of the of thc^ delay-vereus-fanout 
ciir\ e, slojie is the slt>pe of the delay-versus-fanout cun^e, 
and k is an empuical constant that represents a coirertion 
facior lo accoimt for ^'liiding" distant capacitance along a 
resistive wure (0 <k< 1 and is topically 0.5). 

The wii"e delay is the usual RC delay including the distributed 
nature of foodi the wire and non wire capacitance: 



U 



f^wLre ^ (Ci^ift/2 + Cciiat/2 + Cetid) 



m 



Cwirp consists of the interhne capacitance of the atljacent 
wires on the same layer, and the interlayer ctipacit^ince of 
the upper and lower layers. 



■ ^inlprlavi^r "•" ^ inleriine 



(4) 



The interlayer and interlme components aie exjiressed simply 
as the respecrive parallel plate capacitances. Tlus formulation 
intent ion Lilly does not include fringing effec^ts to jnake it 
easy to express the optimum width and optimum thickness 
fonnulas in the next section. Fringing effects are desc^ribed 
in the section "Accurate Delay Modeling" on page 99. 

Tlie upper and lower layers are assumed to be quit^scent but 
adjacent vvires are allowed to have a signal switching in the 
opim.site sense. A vaiiahle m ac t (Jiiuts tor I lie Miller effett 
and effectively doubles tlie value of the interline capaci- 
tance when the adjacent wires switch simultaneously hi the 
opposite direction. If m =1 the a4jacent wires are quiescent, 
and it in = 2 the wires are switched. 



C\y\i'^. = L- wL/sd + EW^L/su + 2m X EtL/s 



m 
m 



w tiere ^ is the pennitti\iLy of the dielectric and p is the resis- 
tivity of the metaJ. The more general ciise of t\vii>' f^^i' upper 
and lower condtictor switt lung Ccu^ easily be consimcted 
"With extra Miller vaiiables. 

Optimuiii Wire Width and Thickness 

Tlie wire width w and thickness t appeal hi the numerator 
and denominator of the total delay expression. A laiger width 
or tliickness implies an invei^sely smaller R^vire ^^t a larger 
Cvsijf, Tiie net effect is a reduction of the wire delay (t^^^iJ, 
but an increase in gate dehiy t tg;itp). The total delay there- 
fore is otniimini at an inierniediate value of w or i. The total 
delay is different iaied with lespect icj w and t io give the 
optimum values "^api (optimal wire width) and t„p| (optimal 
wii'e thickness) at which the delay is a minimum. 
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(8) 



t slope 2m \sd su 



For the circ^uit designer. Wf^n is ati iii>i>on;iJii ^inmirin and 
one that can potentially lie ehanged for eadi diflereiit net in 
a circuit to achieve the lowest delay. Wire widths must be 
increased: 

• when dn\1ng longer \\Tres (lai^er L) 

• in The presence of an extra load along or at the end of Ihe 
wire (greater C^ij,^ and C^nfi) 

» when driving with stronger drivers (larger Cu^ or smaller 
slope) 

• when acljacent ^^ ires are switching (m > 1). 

For the technology^ designer, oplitnal wire tliickness is the 
importajiT quantity: Tlie fliffKully here is that it Ls not pos- 
sible to change I he wire tJiickness for each different net. 
Therefore, estiniations niust be made of t^aramereiis such as 
the expected range of wire length, diivcr size, wiii^ spacing, 
and nonwire loads ui the chips that are expected to be de- 
signed ni the techno log\: Once these parameters are knovwi, 
then one can state tliat the wire should l>e tlesigned to be 
thicker when it is expected to be longer, driven by bigger 
drivers, or in the presence of a significant nnnv^ire load. 
Equation 8 pro\ ides an axial>^ical basis for the well-known 
interconneci design guideluK^ thai uppcn' layers oi'nieial tiiat 
go over longer distances should be nuide tlijcker. 

Tliere is a subtle inte-raction betw^een tiie optimum width mid 
tlie optimum diickness of the wue. Tlie varialjle w^pr de[ientis 
on the thickness of the \^ire and vice versa, Thn^it a wider 
wire tnay lead to a smaller optinuun thickness according to 
equation 8. If the nonwire loads Vt]isi and I't^i are smaJl 
compared to both the interline and interlayer capacitajires, 
then Wtipt has no dependenc:e on wire tMckness, and t^^yl has 
no dependence on v\ire width. Tn this t ase the technology 
designer can optimize the wire thitrkness from a <lclay stand- 
t>oini witluviit any consideration for die width of the w^ire. 

Accurate Delay Modeling 

Tlie analytical delay model of the pre\ions section provides 
important insight into die vjiriotis parameters affecting wire 
delay; To make siJeciflc- predit tif>ns tibout mttnTonnect behav- 
ior in a technok.jgy, it is necessary to use accurate numeric al 
values of the different components of the delay. Ttiese com- 
pone^nts ate tJrovtded in AIM by IirVT]'^ and Si:^ice. The ana- 
lytical expi essions f'rrnn HIVE are modified so ihat they am 
be used with Mat hematic a. Matheniatica is an interactive, 
intetpreted p>rogramming en\1ronnient that allow.s one to do 
such tilings as exiiress juialytk al (Kiuat ion.s, peifomi analysis, 
and creale 2D mid 3D plots. 

HI\^ for Wires and Spice for Gates 

HJVE provides lor sonu- second-ujder effects ti*>! included in 
the Cwire expression (etjnadon 5), The iiUcrlayc^r capacitances 



are still linearly proportional to width (w), but die second- 
order dependence on interline space (s) is inchided. This is 
die fringing effect which reduces the interlayer capacitances 
as interline space is reduce^l The inteiiayer capacitance has 
die form: 



- ifUerlayer 



F,>(sl + 



Wninv Wit 



HG.,f^' 



xm 



TT ,^'l 



where Fds} and Grfs) are sislh-oruer ijiilynomiai functioni, oi 
s and ^^'nm\ "^ ^^' ^ ^^'tuax ^ tl^^ I'ange over wliich die fitting 
function applies. 

The dependence of interline cajiacitance on s is modeled as 
a sixth-order polyi\omial radier dian die simple linear s term 
in the denominator. The interline capacitance has the form: 



^inteiliiit* 

where H^Cs) and Jri(s) are sixth-order polynomials. 



(10) 



III\"E uses tw«>dimensionaI finite element simulation of 
actual geometries in an IC teclmology to obtain the coeffi- 
cients of the sixthorder pol^viiomials gi\^eii above. Further, 
accurate values of these components are availaljle for all 
valties of the layer vmiable (M4 over substrate or M3 o^'^er 
M2 under M4. etc. J, 

Spice simulations on various basic gates arc performed to 
obtain accm"ate U] and slope \alu€^s in the technology of in- 
terest. For the 0.:354mi CM()S leclmulogy (CMOSA) used in 
this paper, to = 40 ps and slope = 23 pa/fanout. Empirical 
studies are also earned out to estimate die value of k in 
equation 2> The valtte of k lies between 0,4 and O.G in 
CMOSA lechnology. The tlependenee of gate delay on inpttt 
sioi)e et)uld hi' Included with the addition of one or two 
n)ore fitting paiameters. (For simplicity this is not intro- 
dticed in the first implementation of the AIM model) Also, 
the emphasis in the delay analysis is on the trends in delay 
asafimction of various wire parametei^. These dependen- 
cies aie, to a firsl-oitler approximation, independent of die 
ini.)Ut waveform sk)i>e at the gate. 

The delay predicted by the AIM delay model is compared to 
a Spice simulated delay of the same gate wit h the wire rep- 
resented by a 1I1\T] sub(ircuit. Delay calculalioTLS for :]36 data 
points of varitms wire widths, tengthsi and gate sizes are 
obtained and they show that the rtiaigin of eii'or between die 
AIM and Spice i^esnlts is < 3% for 6<>Xi of the samples, < 5% 
for 7n% (ii the samjiles, aiul < 10% for 9^% of the samples. 
TMs provides t (adldence in the predictions nmde with the 
AIM delay model 

Implementation in Mathematica 

With the more complicated wire ca|jacitant'e expressions 
from HIVE, the delay mtKiel is ntJ longer ij-actalde by haiid, 
but it is istill in an analytical form that can be coded into 
Madiematica expressions. The basic delay expressions and 
subexpressions are in a single file, 'fhe tecluuikjgy detien- 
denl coefllcienls it! the wire cai)acitance expressions are in 
a separate technology llle. Tliis allows different inteicon- 
nect tecluroiogies to l)e analysed liy simply changing the 
technologj^ file. 
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Fig» 3. ALVl imploniniit.at.ion kIiovvui^ the dilTerent lypes o! analyses 
that are jxti^sible. 

Tlie analytical miplentenlation in Mathematica allows power- 
ful, fttst, and accurate analyses of various dejieiidcnt obsen- 
alile qua:ii titles aja fmictionsof varloiss iudependenS quan tides 
(see Fig, 3). Independent quaiitlries cait be in iiutneri€al or 
xSymbolic form and include properties of the wire, gate, or 
load. These pioperties are tyiJically s]:^ecifled by vahies in an 
input tile. H<jwevt^i\ one or more of these properties may be 
left in syiiiboHc lorju. I'he dependent quantities aie expres- 
sions or fonmilas defined in t.emis of the independent quan- 
tities. Each piece of the w^ire capacifancei such as Cjnieriine 
and Cintt^riaypF- Js available separately. TIte most iniptirtanl 
quantity ol interest is of course the total delay, 

AIM provides stiuidard routines to plc)! any de[>eudenl quan- 
liiy as a function of £uiy inde^Dendent tiuantity. Similarly given 
a dependent quantity and all but one independent quantity, 
tlie loilaiowTi independent quantity can be obtained. More 
complex analyses consist of plotting a dependent quantit>' in 
3D versus two independent qiiauEii ies. (.>r ] dotting a contoiu' 
plot of a constant dejiendent quaniity wilti two mdependent 
quantities on the x- and y-axes. Examples of these analyses 
are discussed below. 

Mathematica versus a Spreadsheet 
Tlie AIM model as it is implentented in Mathematica is 
highly customizable and many more types of atialyses are 
possible. How eve r^ I here is a banier to using this tinpletnen" 
tation for designers not familiar with Mathematica The 
model coidd be implemented in a spreadsheet, ^md althoiigh 
the graphical analyses would not be as easy, obtaLning quick 
numerical results would be easier. 
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Fig. 4* \\m ciapacttHUCi' t■omtif-^^^t^Jlt!s for iiiinimiim -spared M4 
over M3- 



Insights Provided by AIM 

Tlie following examples describe some special insights that 
ai'e possible with the AIM model. 

Interline Capacitance and Fringing 

A simple but insightful analysis with AIM is I he M4 wire 
capacitaiice vtnsus ttie width of the wire. Fig, 4 shows the 
interline, interlayer, and total mre capacitance for nnnimnm- 
spaeed (1.6 \im) M4 wires over M3, Atljacent wires aie as- 
simied to be swltclung so that m = 2 (equation 5). The fimt 
observ^ation is tliat the interline capacitance is larger than the 
mterlayer capacitance. The interlayer cai)aci!ance mcreases 
linearly with width as expressed in equation 5. However, at 
zero width the extrapolated C^ni^.|j.|yt-r Line is not zero be- 
cause of the fringing component. This behavior is included 
in tl^e HFVTt] ex p re ss i t > n s. 

Fig. 5 shows the same Ml wire with the only ctiange being 
that ir is over suljstiate instead of M3. There is a dramatic 
difference in the capacitance curves. Tlie reduction ii\ 
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Fig, 7, C' on St HI It -capacitance contours for M4 over substrate. 



Cinteriayer tni^t be expected from tJie larger distance of the 
wire to the substrate, but the sigiiifirant feature is that die 
total capacitance is itot sigmficatitly ie(iuced despite the 
tai^er distance from the sul^sti^te. This is because C|nierline 
has increased. Tliis m crease is because more Imcs of flux 
from the lower surface of the wkc teritiinate on the atljacctit 
%virc instead of the lower conductor In other words, the 
fringing componeni has incre^ised. .^noiher residi of fringing 
is that I lie intedayer capacitance now has a very weak 
dependence on wire width. 

Thus, Ihe conventional wiscJoni that upper layers of meial 
et\joy luucli reduced ca|>acitaiire l>ecause of their distance 
fiom the suhstiate does not hold. For one tlihig. the iipjicr 
layers niay run over wires in tiie immeciiaie lower layer and 
even when they do not, the total capacitance is not much 
lower. 

Capacitance versus Width and Space 

A visual represent at ion of the relaiive irnporlance of width 
ajid s]>act^ i.s obtained from a contour jiliit of wire capacitmice 
in a 2r> s|iace of wire width and intcrliiu' s|jacinfJ. Fif^. (3 
show^s constant-f:apacitancc contours for Ml over M3 litu\s, 
The data in Pig. 6 is a superset of the information In Fig. 4. 
.AJong any hoiizontal line in Fig. (3 several contours are cut. 
indicating a nipid increa.se in C^irp (tnterlijie ami iiuerlayeT 
cupucitajK'eJ with widdt The fletienderit e ou S|jace is aisi> 
significLUit- Fig, 7 shows the contours for M4 wire o%'er sub- 
stiate. The contours appear more horizontal indicating that 
there is a weak dependetice oti wire wirlih and I hat a reduc- 
titjn in wire capacitmiee i.s easier (o arhit-ve wiih an itu tease 
in (interlinej spacing. The ciiutours have reduced in value 
but the reiluetioti is substaiitial only when the wire spacing 
is large and the width is large. Such contours can be made 
for all the metal levels to provide a quick ready reference of 
wire capacitance for a range of geometries. 

Optimizing the Width of Wires 

\\V (ielay ]s an ini|>ort<uit fatior that causes a cuTuit designer 
tt) choose wider wires when they are lotig, Howe\er, it is 
important to realize tliat larger width (ornes with an btcrease 
in the total capacitance of the wire and therefore a possible 
increase in the total delay. There is an optimum width of the 
wire at which ihe total delay is a minimum. Equation 7 ex- 
presses the dependence of the optimum width cjii viuiotm 



parameters. Fig. 8 shows an exaiiipie plot of tiie gate and 
wire delay components as a function r>f \we ^\idth. The op- 
timum widtli is only 1.5 f.mi, wliich is relatively small for a 
SOOD-^m long wire. There is a built-in fimction in ABl that 
pro\-ides Ihe optimum widllt wheti the remaining variables 
in tiie systetn are specified. 

Minim um Metal Widtli Design Hules 
The optintum wire width illustrated in the previous section 
depends on a number t:>f patanieiers. the most impoitintt 
beittg length L, gate width Cin, wire spacing s. mid wire 
layer. AIM can rai:jiflly generate tlie optimimi width for a 
large range of these paiameteis. Fig, 9 shows Ihe optimum 
width versus length for a few example crises witii a 200-fF 
fixed load at the end of the wire, Tiie curves are not stnooth 
because of the htnited nunii>er of data poiitts generated and 
the slow yariation of delay with length. The approximately 
square ro<^i de|)endence on length i>redicied in equation 7 is 
illusuated jji Fig. -^ It flu* gale vvidth is int rea.sed to 2iM\ um, 
tiie curve moves to a higher w,jpj to|)iiinmn wire w if lib) as 
predicted in equation 7. A lazger inter hnc spacing reduces 
w,^p, as illustrated by ciu^^e C, but this dependence is not 
strong. ( -ttive D shows the ojjtimum wire width ft)r an Ml 
wke tuul is suqirisingly clost* to A for the same ci^udil ions. 
Ttiis is because the interlayer spaeings are sintilar vvhen M 1 
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Fig, 8. Tntal d£4ay xersim \\n\\\\v KC^ delay is reduced but vnre gate 
delay is increased vsiltt larger wire ^idth. 
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and M4 are bofcli sunoinided by upper and lower conductors. 
Mso, the dependence of w^^jj, on wire diickness is veiy weak. 

If tlie niinimuiii width design nile for M4 is 1.3 um, tht^n Fig. 9 
shows that die optimiini width caji be smaller tlmiT iJie flesign 
rule width for many ri^asonablc conditions, A full range of 
fiigh and low values for the wne lengdis, spaces, mid inverter 
sizes can be sin^ulatecl to determine the range of optlniuni 
widths of the wire. This can then prr^vkle guidelines for tech- 
nology designer's hi setting minimum design rules fr^r wires. 

Delay versus Wire Length and Driver Size 

All important mialysLs that encapsulates a lot of useful mfor- 
nmtion for a cixcuit designer- in a single tigia-e Ls a plot of 
delay contours wath gate width along tiie x axis and wuc 
length along the y axis. Fig. 10 shows such a plut lor IV14 
over M3 with 1,5-um wire widdi, 2"],uri spacing, aiul a lOiM'F 
load at the end. This allows a ready reference for quickly 
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looking up die gale width Ihal would lie needed to drive a 
certain wire length with a desired delay. Allematively, the 
dependeit<'e t jf delay fjn wire lengtli for a given gate width 
can be seen. For exajnple, a 3000-uni long wire would re- 
quire an 80-pni j^ate \^1dth to achieve less than 300-ps total 
delay A 5()-jmi gate width would see a very rat^id increase in 
its delay lK\vond a 200O'(.mi lengdi as seen by the bmicliing of 
the cr>ntour^. .Similar plots for odier wires or otJiei* ccwulilions 
can easily t>e generated using bnilt-in fimctions provided in 
AEVl 

Delay versus Wire Layer 

A cf>mmon misconception is that an upper level of irretal is 
ahvays faster when dming long distances on the (H'der of a 
few thousand micrometers. To iuialy/e this, the built-in roii- 
thie^s in AIM are used to plot total delay (a dei>endent quan- 
tity) versus wire lenglti Uu\ iiidepentlens ([uantily). Fig. 11 
shows this pln( foi' M4. M:^, aitri Ml wires, all with minimum 
interlayer spaces ar^d a 2-|mi interline sjiace. The wire width 
for each level is optimized for each length as discussed ear- 
lier. A large 80-um inverter size is chosen to emphasize the 
RC delay over I he giUe delay The total delay is larger for the 
M4 wire than the MI wire! Bven though I he wire delay of the 
M4 wire Is lower, its higher capacitance leads to a lar-ger gate 
delay. Also, the M4 wire suffer^s from higher interline capaci- 
tance than the M3 wm'c because of I lie t)iissi\ at ing nitride 
over the M J wire, Miile the M3 wire has die lowest delay 
the Ml delay is remarkably close, The optinuun width for a 
5000-^mi long M4 wire is I A \mi. aiid that for an Ml wire with 
the same length is 1.2 ion. The fact that the M4 wire is slower 
than the Ml wire is not an artifact of AIM, but has been eon- 
fimied by Spice siniulation with III\^ subcircuits. 

Pitfalls ill Algorithmic Shrinking 

Many \'LSI chips are shrunk from or\e gpneration of technol- 
ogy to the next by algorlthmically scaling all the layers m the 
design to match the design rules of the new^ techno lo|^y. The 
result on tJie wires in the circiul domain is a reduction in 
widths, spaces, and lengths. Theie may also l)e scaling of 
wire dimensions (niickness, interlayer spacings} in the tech- 
nology rlomain. The result on tlie FETs is a rediiciion in gate 
widdi and length and also source/draui areas. It is rcladvely 
easy to pt edict the perfonnancc scaling of the delay for 
logic circuits that have a relatively small amount of intercon- 
nect, h is much haiTler lo predict delay scaling in crilical 
paUis that have a large amoimt of inter eoitnect. This is be- 
cause the scaling factor depends on the interplay of a large 
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Fig, 12. Delay ratio C^MOSAACMOSB with il,75x wire* m\ii FET 
shrink. Uascaled gale WidUi = 10(1 ^tni, wiit> leiglh = 50011 (jtiiL 

rauiiber of paiaiiietprs. AIM allows a rapid explnrafion of the 
design space aJid caii piinioint scenarios iti which Uie delay 
improvement eoiUd be compromised. 

To ilJusirate this capability, the scaling of delay from a O.S-fmi 
CMOS teelmology (CMOSB) to tiie 0.3;>^mi C'MOSA technol- 
og>' is obsenTcl for a range of \'alues of differenl % ariables. 
The gate widtli in each lecltnolo^v is charat'lerijicil by the t^ 
and slope values (see equation 2). Tite values for a CMOS A 
inverter are U) = '10 ps and slope = 23 ps/fanout. The values 
for a CMOSB inverter are WK^ liigher. Tins accounts for the 
change in the FKTs in tiie technology domain. Tlie change in 
the inteiTonnecta in the technology domain is arecumled Rir 
by a new set of HIVE coefficients for capacitaiiees, whit h 
get translated into a new AIM tecimology Hie, In the circHiil 
domaui. a sluink fachjr of 0.7') is atipltefl to all wire dimen- 
sions (widUr, sparing, aitd leriglh) atul u> the gate width and 
nonwire loads. 

The resultant sealing cjf wire capaeitanc't\ UV delayt and so 
on is taken care of m AIM and only rJie eireuil-dnniain sciil- 
ing ptuameters are supplied as inputs. The data in Figs. 12 
and 13 shows the cfelay ratio (CM0SA/('MOSB} as a function 
of wire spiice, wire width, \^uv length, msd ^cite width. Fig. 12 
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Fig. 14. rijial ilehiA' sf'aliwa \n goii ig fro ni CMOSB Lo CMOSA. 

shows thai delay ratios me better for large wire space and 
v^iie ^\idtli. Laige wiie space is often not a\"ailal>le because of 
pitch limitations, wliile large wire widths can inerease toial 
delay. Lar^e wire lengths are deirinienid to delay scaling as 
are small FETs, AIM C£ui geuerate these concise reference 
charts showing the tieijendence of delay scalhig on vajiotis 
impo rt an t parari le I e rs. 

Tlie improvement in tlie delay is not signific^uit tor the wire 
dominated basic bkjcks considere<i in this tiaper. However, 
it is inconect to itssume that it is ottly the wire RC delay that 
is the cause of the problem. Tlte i"eason is tliat when the 
wire dimensions scale down, the FET \^idths also scale 
down, reducing Oie drive to the wires, P\u1]ier, even tliougli 
the \^ire length reduction is heut^fKial to capachimce, wire 
spacing reduction increases inlerhne cat)acitar\ce. Also, 
flinging effects undeiTtihie the hnear capacitance redurrtion 
expected from sini|jHstir scaling of wire width. The resis- 
tance of the sealed wire Is constant if the lluckness stays the 
sanits The net result is Uiat both tlie gate delay and the wire 
delay do not scale well. 

AIM allows one to examine (he (k'lay ratio of a ty])ic<i! l);isie 
block witli inciependently varied scaling factors for FET anti 
wire scaling. Fig, 14 shows die lalid of CMOSA to CMOSB 
delay as a tiuution uf wire .shiink dinuMisioiLs. If the FETs are 
kept luiscaled and only tiie wires are shnink, t he delay ratio 
iS 0,C»^1, 'Iliis suhstanrial impnjvernent would also he obtained 
for basic blocks that do not have significant wire loading. 
However, it is incorrect to expect this number when a whote 
chii) b shrunk and the critical path consists of many wire- 
dominated basit^ blocks. Fig. 14 illustratt»s this scenario when 
the FET^ ai'e shrunk by J5x The delay ratio is now fjnly 
0J8, a 2^1'J^i increase over the previous case. This illustrates 
die iin[)oi1c'UKe of the caf>acitive load ot the wire. AIM can be 
usee! to examine each net of a cliip design to flag those nets 
that are susceptible to poor delay scaling if they are shiimk. 
These nets could eitlier be reck^signeil or special cases niarle 
to keep the selected FET widths uas< aknl in a shrink. This 
can leatl to guidelines for "design h)r shriMkahility," hi the 
nieantJme, the siatemerU can be made dial die ultiinate teelv 
nologically capable delay imiirovenient is not possible hi a 
I HI re* shniik strategy. 
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Siinimarj^ 

j^I has l>een piT.sented as a e<jniijrehensive framework to 
understand and optimize the xjerfonnaiK e of basic blocks in 
VLSI critical paths. The iittercomiect is inodeJed with Itighiy 
acctirate expressicnis t!iat acronnl for rnajiy fsecontl-order 
effects, and the gate dtixing the iiil erconnecl hjus been in- 
cluded as a full paiticipatii in tJte ajudyses. Tlie design space 
is large because (jfthc^ niimy variables in Ixjfb the teclmology 
and circuit domains. Tliis has been managed with a simple 
but accurate aiuilylit ai delay iiitKiel. The implementation iit 
Matliematica provides qinvk and efUcieui analyses of many 
different types of technologj' and circuit variables. 

The examples show it bave iliusl rated only some of the capa- 
bilities of AIM. The m>ih of mtich lower capacitance for 
upper levels of metal has been shown to k>e unfounded. A 
\dsual iitsight into the relative influence of wire width and 
spacing on wirt^ capacitance has been provided. Tlie itntKjr- 
tance of tlie optimization of wire widih has been demon- 
strated ami its dependence on vaiious par^imeters lias been 
conelated witli simple anal>iical equations, It has heeti 
shown that metal widths are often made larger than neces- 
saiy^ ant I sonte minimum width tiilcs may preclude o]:»timal 
delay. A reference chajl for circtiit designers showing delay 



versns vs iie Jeiig! ti anci gate size has been demoitstrated. It 
has i>een sltown that uj.)i.>er levels of ntetal ate not necessaiily 
the best choice everi for long w ires, .\lgoritiimic sinittking of 
chips from one technology to the next has been shown to 
suffer a substantial penalty m wire doniitiated basic blocks. 
The gale capacitjve delaj- scales as poorly as does tJie wire 
RC delay. 
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Synthesis of 100% Delay Fault 
Testable Combinational Circuits 
by Cube Partitioning 



High-performance systems require rigorous testing for path delay faults. 
A synthesis algorithm is proposed that produces a 100% path delay fault 
testable function with a minimal set of test pins. 

by ^llliain K. Lam 



To ensuTP that manufactured circuits meet spec ifi cations, 
tlie circuits must be subjected to static and d>TT£uiuc testing. 
Static teslmg coiiftitiers llie ^steady-state behavior of a circuit 
(e.g.. wheilier th*^ output ot a conibinational circuit computes 
the required Boolean fonctioti), D^^Tianiic testitig exaitiines 
the transient behavior of a circuit, hi this paper, we focus on 
a specific kind of dynamic testing: delay testing, which Is 
1 esting to determine how long it takes a circuil lo settle to 
its steady state, 

ff we define a patli in a circuit to be a sequence of gates 
from an input to an output of the circuit, then input signals 
propagate to outputs along paths in the circ nil. Tlius. tlic 
time for a circuit to seUle lo its steady state, called I he delay 
of the circuit, iy deterriuiieti liy itie delays of ih(^ paths in the 
circuit. Hence, testing die cielay of a circuit translates to test- 
ing the imths in the circuit. A common scheme for testing 
delays Is shown in Fig. 1. 

To test whedier patli a-b-c-f \ms a delay less Iban oi^ j^reater 
dian t seconds, apidse is applietl to input a au<l to input d 
where it is delay erl t secontis to latcluhe nu(|>trt L If i lie delay 
of path a-b-C'f is greater dian t, we say the paili has a delay 
fault, K the steady-state value of f is 0, then latching a Q Im- 
plies the delay of tlie path is less than t. provider 1 the wave- 
form at f has only one transition. If tJiere is niorc^ dian one 
tRuisition at f, latching a does not ncccssaiily imply that f 
has settled lo its steady-state value. Tlie delay of the jiath 
cannot be uiferred from latching the* steady-state value if 
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multiple transitions can occur at f. Therefore* a path s delay 
can be tested if diere is an input vector such diat a single 
transition at the in^jut of die path projiagates along tlie path 
and causes only one transition at the out[3ut, hi dependent of 
the delays of ihe gates in the circuit. The significance of 
independence is illustrated in the following example- 

hi tlie cucuit m Fig. 2. to test the delay of path a-c-f w^e set 
input b to 1 causing d to be 0. Wiih tliis input value, a single 
transition at it^i>ut a will ijropagate along path a-c-f and cause 
a smgle transition at f. indei>endetu of gate delays in the 
ciicuit. Tiierefore, path a-c-f can be tested for its delay* Simi- 
larly, the delay of i>adi l)-d-f can be tested by settuig a to IX 
However, fur path b-c-f, a single transition at input l> might 
cause a multiple transit i<jn i\i f, depending on the relative 
delays of the ANO gate and the ui\ carter. I-^or mstance, a rising 
transition at b produces a negative pidse (a falling transition 
followed by a rising transilit)rt) at f if the delay of the AND 
gate is longer than dun of the invener. On Ibe otliei hand if 
the input pulse (h>es itut propagate to the out|>uli f maintains 
a steady L Because we don't have jirior kiiowledge aljout the 
relative delays of the AMD gate and tlie inverter, w^e conclude 
that path b-d-f is not delay testable. 

A path is chilled mhitsfhf pnfh tHitf/Jtuiif U^sfnbie (RPDPT) if 
a single tninsition iu the uipiti tjf the i>aih propagates al<jng 
the path and produces a single transition at the output, inde- 
pendent of tlie gate delays in the circuit. Only RPUPf |)aths 
can be tested reliably for a delay fault. A necessary and stif- 
licient condition for a path to be RPDFT is that Ihere is an 
input vector such I hat during Ihe course of a transition prop- 
agating along the path, for each gate on the path, all tlie side 
inputs of the gate take on noncontroUing values. A control- 
ling vahie is an int>ut to a gate that df»tennines the gate's 
outjjut regardless of the values at other inpuls. ?"or example, 
the controlling %^alue for an AND gate is U and for an OR gate 
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Fig, 2. fCxaaipif lifcuit. 
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1 he value is 1. Since the delay of a ckcuit is deteiiniiied by 
liie delays of the paths in ihe cirriiii, to lesi the tlelay of rhe 
circuity M pat lis in tht* tiniiit si i on Id be RPDFT. A circuit is 
said to b^ lOW RPDFT if all of lis paths ai-e RPDFT. I'lifor- 
timately, niosi prac'H<'al civcuhs liave veo' few RPDFT patlis. 
This implit-s thai most pjat lital <nrruits cajinot hv i'lilly and 
robiLstly lested for tit 'I ay faults, even Ihoitgli many ciix-uits 
are tested desyjite the (jiesence of liazaids. 

hi titis paper, we propose an algoritiim that always synthe- 
sizes lOO'^j RPDbT circuits. First, we consider syntliesis of 
lOOKJ RPr>Fr two-level circuits from any given function. 
Tlien, we show^ ho^\' nuiltilcvel circuits can be fU^rivcd bom 
twchievel circuits wliile preserving their delay fault testability. 

Previous Work 

r)evadiLs and Keutzer^ derived a necessaiy and sLdTicieiit 
condition for a j>atJi i(i be RPDFT ^uid pro])osed an tilgo- 
tithni to synthesize a circuit to achieve a high percc^ntage of 
RPDFT }>atlis. Hcjwever, their algoritimi caiuiot alw^ays pro- 
duce circuits wdth lOf^^i RPDFT. It is known thai llierc exist 
functions that do not have Wifyo RPDFT implementations. A 
natuial question is: ran ajiy funcdon be augmented so as to 
have a 1 WXi RPDFT implementation? One way of augment- 
ing a function is b>acki extra inputs. With this lechtiique, 
Ponierau?; and Reddy- deniousb'atcd I hat many cireiihs can 
Iw made b> he KJil^^n RPD^T However, it is not known 
wliether any arbitraiy f miction cair be synthesized to l)e 
UMM RPDFT iiy using this technique or any otlier. 

Synthesis of 100% RPDFT TVto-Level Circuits 

All exaJTiisle of a two-level circuit is an AMD-OR implementa- 
tion coufiguralion (e.g.. a programmable logic aiiay) corre- 
sponding to a sum -of-})rodt lets representatirjn of a Booleim 
function. Any Bookman function can be repri^sentcd as a .sum 
of products. For example, f = (a + b) (a + b) + l.>c liits lire 
suin-of-prtJducts representation ab + ab +bc. %vhose eon-e- 
spending two-level iniplementaiion consists of three AND 
gates and one OR gate. Each AND gate ini]jlcmcnts a product 
tenn m^d the OR gate combines the outputs of tlic AND gates 
as shown m Fig. -1 Tlie <■ ire nit in Fig, is called a two4eveI 
implementation because the fuist le^'el consists of AND gates 
and the second level an OS gate. 

The path P in Fi^. 3 from b tlyough the AND gate for the term 
be is not RPDFr because no malter xvhal value intJUt a Is set 
to, a tising or iallhtg transition at b through the ^)adi will 
produce multifile transitions at f or not propagate along P, 
depending on the relative delays of the AND gates. For in- 
stance, if input a is set to 1 and the delay (jf the left AMD gate 
is .shorter tiian the tielay in the right AND gate, then a falling 
Iransition at h aknig P will he bloeked frcmi t^i'(>]>agating to f 
(Fig, 4a). Thus, the delay rd' P cannot he reflect e<l at f. tender 






1 b 



b 1 



tbi 



Fig* 4* Propaj^aiion of transitions, (a) Because the delay in the k^ft 
AND gate is sttoner than die dekij in the right AND gate, a falliug li-aji- 
siUon at U is bloclcfd frtim propagating to f (h) A rising iransition at 

b caiises a negatJv*.* pulse at f, 

the saine setting, a rising transition at b will cause a negative 
pulse at f (Fig. 4b), If inpul a is set to 0, (ben a lising transi- 
tion at I) will be l)locked from i>roi>agaiing (o f l>ecause the 
output of ihc^ AND gate is forceci to 0. Thus, path F is not 
UPDFi: 

For more complicated functions, it woidd lie difficult to 
perfonn tlie above analysis to determine whether paths are 
RPDFT. To make the bisk of ideal lying RPDFl^ paths easier, 
an algel>niic method'^ is preiseiUed. 

Definitions. Before stating the algebraic metliod. some terms 
need to Ije iiitrorluced. 

• Tlie cojacfor of fia^'don f vvidt respec't to variable x (for 
positive phase), denoted by f^, is derived from f by replacing 
the variai^le x it; f with L Similarly for iit^gali^e phase, l^ is 
derived by retilacing k witli 11 

• The sitfooth opemtor S on ftitictlon f vvitli re.sj>ect to variahle 
X, denoted by Sj^if^j is f^ + fx, 

• Let C be a product term, or cube"^ in f. Then f - C is tlie 
function derived from f by eliminating C\ 

C'ofactor f^ is the evaluation of fat x = 1. Smootliiing f with 
respect to x gives the fmiction independcnit of x. 

Theorem V. Let f l^e a fimction in a sum-of-products fonn of a 
two-level ciicuit. mifl n: a jjatb s! Luting from p»imar\^ input x 
and going tlnough die AND gate of euhe ('. Then, path jt is 
KPDFr if and only if there is an input vector v - (,..,x,,,.) 
suclt tiiat: 

S^(C}S^(f-C3(v)-i. 



The ^■ectoi's v and v' 
delay fauh on .t. 



( . . .,x,. . . ) are a test vector pair for the 



a b Ah be 



Fig» 3. A i\vo-levt'I oireuit. 



For ati arbitrary function in a sum-of-products fomi, 
S^(C) S*^(f-C) (\') may be for all vectore. Tlris ^vould mean 
that the patli tlnough C starting at input x is not RPDFT. To 
augment a given function so that it has a ICWX) RPDFT imjjle- 
mentation, wc add extra inputs called test phm, which Gqual 
1 tinder normal otierati{>ns and nvay he selected to be in 
delay testing mode. 

To constmct a circuit with I0(ni* RPDFT paths the set of 
cubes in a given hinetion is paitilioned itito subsets such 
tiiat eacli subset fonns a lOb^ii RPDFT baietion. Nex't. a phi is 
attach etl to each subset. To test a path m the subset, only tlie 
test pin of tl^e subset is set to 1, while all t!ie remaining test 
puis are set to 0. Since the subset is 100)6 RPDFT, the paths 

' A cube iS a product tsrm For example, abc and be. are cubes, but a -i- c is ml a cube. 
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are RPDFT under this setTmg of the lest pins. SvTtibolieailv; 
lei f = V C[. where Cj is a tube which can be partitioned 

i 

into subsets of cubes, S^, such that each path in each S^ is 

RPDFT. The new augmented ftmction is now f =. V 7.5^, 
where Tj is the test pin for cube subset Sj. J 

To test path n going through a cube in Sj* the te^ pins must 
be set such that Tj = 1 and Tj - for i ?^ j. So f becomes Sj. 
which Is I0(fh* RPDFT by construction, eiiabiiftg jt to be 
tested for a delay fauh. In nomiai operation* all lest pins 
are set to 1 alio wing the aognienied function f ^ ^ TjSj to 
restore the original ftinction f = ^ Sj - y Cj, ■* 

j i 

A natural question is; Can an arbitrary fimction be partitioned 
intt J such subsets? The answer is yes, because a partition In 
wfuch Sj is a cube is such a partition. Funher, the patJis 
through the test pins do not need 10 be tested for delay faults 
because these pins are held cons taut during nomial opera- 
tion. Therefore, for iuiy arbitiaiy fiuu tion. a 1 00% RPDFT 
iiTiplementatit>n is alwa;^^ po.ssible with tlus cu fje-t^iui ill oning 
srlifiiie. Tliis fac I is fonnally statetl in tlie following tJieoreuL 

Theorem 2r Any Boolean function has a prime and irredun- 
daut tw^o-level AND-OR implementation with lOiY^it RPDFT 
and the passihjHty of adding neW' inputs, Fimlier. ifC is a 
two-ievel AND-OR iniplejuentation off. tlien C can always he 
resynthesized to be mm(* RPDFT. 

To resynthesize a t wfj-Ievel circuit to be lOff^. RPDFH the 
woret case is when a test pin is needed for c^ach cube in the 
circuit. In tliis worst case, the additional area required is al 
most hvice the oiiginal area, asstmring each test pin is 
ANDed with the cube. Tliis procedure allows designers to 
synthesize lwf>iLn'el circuits williout considering delay fatdt 
testability becairsc test pins am hv added later to achieve 
the desired test.aljtlily. 

Because a test pin is pro\ided for each subset, a minimum 
partition is desired. Of course, the designer dr>cs not have to 
make all [hit lis RPDFT liecause test jitns can bt' added only 
to the cubes in which tin* jjaths need tu be tested. In this 
case, the uumiier of test pins io add is btjurided by the num- 
ber of cul>es that involve the paths io be tested. Nevenheles^s, 
we want an algorithm thai prndntcsa minimal i)anition. 

The folia wing algorithm |>rtJduces a minimal cuIh- piutition I>y 
fnutiiioning a set cjf cubes f= | Cj | Into |Si] so that the sum 
of cubes in eacli Sj is a function with IOO^^j RPDFT' paltis- 

i=0; 

whiletf not empty) f 

fore act! cube C E f | 
if(SibCfslOO%RPDFTH 
Si = Si U C; 
remove C from f; 
} 
\r end for loop */ 
)/* end while loop*/ 

The test |)ins do noi need to be comiected directly to the 
(mtside world ijirough pins im tlic package. A sfuft n^gister. 
which can lu' an exrslitig scaji chain, can be used io shift in 
tile test patterns. Tlie extra pins needed are at most two, one 
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Fig. 5, mm rtibusLty pudi delay fault tt^stable (EPDFT.) uiiplenn-n- 

tuition. 

for the shift register input and the otiier for its clock. A pos- 
sible implementation is shown in Fig, 5, In the figiu-e T|...Tf, 
are the test pins whose values are set by ihe output of the 
decoder, wluch decodes the test patterns from I lie shift 
register. Each subset Si needs one test pin. 

Multilevel Synthesis 

A two-level implementation is a special ca.se of a multile\el 
implementation and iLsuiiUy requires much more silit on ^uea. 
Tliis is because a muitilevel hnplementation does more shar- 
hig of gates. For example, the nndti level circuit in Fig. 6a. 
which uses four two-input gates, would require eight two- 
input-equivi^ilent gates if the same ftinction were implemented 
using a twcj-level structure (Fig. 6h}. 

The muitilevel Implementation can be represented as f = (a 
+ b) (c + dj + e, while the two-level rei^resentation is f = ah 
+ ad -F be + bd + e. The nudtilevel implementatitm is simply 
a factored fonn of the two-ievel miplejnentatioiL Thus, a 
two-level implementation can Ik* transformed inttj an area- 
siiving multilevel inqjlemtMaution by fLictoring out cnminon 
terms. The i|uestioii that comes U]j after these trai^sfonna- 
li(5ns is w^hc^thtT testability is t>reser\Tfi That i.s. v^ill a RPt>FT 
path in tfie original two-level iiuijlementatinn remairk RPDFf 
in the fati(jre<! multileve] implement ^iljnn ajal iivill a j)ath 
newly created by these transformati(.)ns be fiPDtT? hi the 
Boolean domain, facto riziitions like all = a(a + ab) and (a + 
b) = f a+ h) (a + a) are valid, Factoiizations involving the use 
of Boole;m rules such iis a + a = 1, a * a = 0, m\(l a ■ a = a are 
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Vlg. ft. {;i) A nmhih'Vf^l rirt-uit. (h) A fvvij-kvel f^qiiivalt^nl urthe 

iiiiiliilf'vol C'lrniii m (a). 
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CBli^d Boolean factorUatioris, and factonzation^ that don't 
use .such rules aie called ak/ebra ir ffuninzatiotm. Hachtel. 
Jacoby, Keutzer, aiid Monisoii"* pr(j%^ed that a multilevel iin- 
plententation derived from a twolevel iniiilernenf^tion using 
only algebrait^ factorizations preserves RPDFI' of the patlis 
in Ihe origiruil twolevcl implementation. This concept is 
smnniai'ized in the following theorem. 

Theorem 3: If (\ a two-level mulliiile-rjutpnt circuit, is 100*Mi 
RI*lJl'Tf and A is a multilevel circuit derived from C through 
the application of algebraic operations, then A is also 100% 
RPDFT. 

Tlierefore, synthesis kir a multilevel circuit with ] fJt^Xi 
RPDPT (:m\ be dt>ne in two steps. First, a twtj-level circuit 
witii 10(F3it RPDPr paihs is synthesized using the cui>e |iarti- 
tioning method. Thent a multilevel circuit is derived from 
tJiis two-lc^vel circuit by applying algebraic factorizatioas. 

Selective Critical Path Testing 

Because making lill ijaths in a chip delay fault testable may 
not l»e area-efficient, only some representative yjaths aie 
selected to be made delay fault testable, Theoreticiilly, test- 
ing only a fractirm of j>afhs may not giuurantoe freedom from 
faults for Ihe entire cIujj, However, because ol Mie natiue of 
delay tracking in IC processing, proper selective schemes 
can offer liigh confidence in tesring. 

Also, because gate delays within a chip track well, ;^i long jjalh 
IS more Ukeiy to fail a timing specification than a shon path, 
making longer paths good candidates to l>e seletied for test- 
uig. 11 a selected path is not RPDFT, it can be made so by 
using one of the synthesis techniques disciisserl above. Spe- 
cifically, to make a selected path RPDFT, find a maxim til set 
of RPDFT cubes that contam the path and inlroduce a new 
test i)in to isolate the sel ofc nbes froiti the resi <>f the cubes 
using the nuniuuil cube i>mi ititauug algoriUim. TlUs step Ls 



repeated until all selected paths are RPDFT. Finally, the 
number of 1 est pins can be minimized by first repaTtitioning 
the cubes in the cube sets so that each cube belongs to only 
one new cube set, and then using one lest pin for each new 
cube set. 

Experimental Results 

The cube pari itioning algorithm was implemented oji the 
Berkeley SIS (sequential intt^ractive synthesis) platfoiiu and 
nms on an MP EKJOU Mociel 735 workstation, w Inch has about 
i50M bytes of R.\M. IVo lienclunarks from Ihe hUemalioiuil 
Symposium on Curcuits and Systems (ISC AS) aiul the Micro- 
electxonic Center of Norih Cai'olina were used on the algo- 
ritlim. Table 1 shows the results (jf ruiuiiiig these benclifUiU'ks 
througii tlie cube partitioning aJgorithm. 

The second, fhird. fooHh, and fifth cniunms in Table 1 cnulain 
the total number of 1/(J pins, gales, paths, and non-RPlJFT 
patlis, respectively, in ea<'h circuit. Tlie sixth column defines 
the origind fault testabiliiy. that is, the Iraction of paths that 
are RPDPf in a particular circuit, Afier these circtiits were 
resynthesiiieff diey beeaEue HH)*)!) testable (i.e., final lesUihiliTy 
= li)). The eighth column retlecis Use lolaJ number of test 
puis inserted to make the circuil fully tlelay fauli testable. 
With the exception of circuit bl2. iifter all the t^iicuits were 
res>iitliesized they w^erc made fully delay fault testable with 
six r>r fewer test j^ins, T\w ninth colunm is the ai'ca over- 
liea(i, wliich is the ratio of die area increase over the original 
circuit area Since any additional area adds some delay, the 
delay n\er!iead for each circtiit results from a layer of iwo- 
input AND gales for each lest jjin iJLseilion. F'^inaliy. ihe hust 
colmmi is CPl ' execution time for eaeh circuit. Tliese times 
vaiy directly with the number of cubes m tlie circuit. 

Circuits witli very few non-EPDFT patlis and circuits ihat 
did not finish witliin the 12-hour preset time limit are not 
iisted in Table 1. 



Table ! 
Two -Level Synthesis of 100% RPDFT Circuits 



CirDuit 



I/O Pins 



tables 


32 


tables 


28 


rd84 


24 


ai>exl 


90 


bl2 


24 


exlOlO 


20 


z5xi>l 


17 


isBsym 


10 


ex4 


im 


alu4 


22 


apex4 


28 


mkex3 


28 
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Gates 

188 
2C13 

zm 

296 
449 
830 
148 
422 
070 

1044 
476 

1876 



Paths 


Non-RPDFT 


Initial 


Test Pins 


Area Overhead 


CPU 




Paths 


Testability* 




(%) 


(Seconds) 


7259 


495 


0.93 


4 


3.25 


1-1 1 


7:381 


687 


0.90 


4 


3,38 


282 


:3280 


1456 


0.55 


2 


0.48 


821 


9109 


1515 


0.83 


6 


6.16 


25834 


1322 


1845 


0.04 


23 


5.53 


423 


14710 


2096 


0.85 


4 


0.8,9 


17434 


4032 


2558 


0.36 


4 


5.26 


336 


3780 


3276 


0J3 


2 


0.14 


21694 


4404 


3632 


0,17 


3 


1.14 


175 


7875 


3955 


0.49 


4 


QM 


i:m 


14958 


4354 


0.70 


5 


3.11 


12368 


17971 


5258 


0.70 


6 


5.84 


15936 
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Conclusion 

In this paiien we studied the problem of synthesizing <:ir- 
ctiits i^-ith 100% RPDFT. We proved thai for an arbitrary* 
function, there exists a 100% RPDFT implementation, anci 
we proposed a synthesis algorithm that always produces a 
100% RPDFT implementation for any function and a minimal 
set of lest pins. Further, we showed thai a circiiil synthe- 
sized using ihe pmposed algorithm uses al mosi fwice as 
much area as any rwi>ievel implementation of the circuit. 
For most pracdcal circuits, the additional areas are small. 
Hnaliy we demonstrated how ai-ea-efficieni multilevel cir- 
cuits with 100% RPDFT can be construciecl by applying 
algebraic factorizations to the synthesis algorithm. 
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Better Models or Better Algorithms? 
Techniques to Improve Fault Diagnosis 

The simple stuck-at fault model paired with a complex fault diagnosis 
algorithm is compared against the bridging fault model paired with a 
simple fault diagnosis algorithm to determine which approach produces 
the best fault diagnosis in CMOS VLSI circuits. 

by Robert C. Aitkeii and Peter C, Maxwell 



F^iilure tuialysL^ is im iini>Qrtani Ikisk for fcinlhi nous iniijrove- 
iTienl of both the quality of shippoti ICs and the uiiderlyit^f^ 
fal>rication process. Fault chagiiosis (also called loeation) c;ui 
aid rile faihire analysis process by i^rndiu iiiiJ a lisl <if t jiiidl- 
dale laults given asel ol observed (esti-i failures. Ttie.se 
faults are then inappeil to jyofeutitii defect sites, blowing a 
failure aiuilysLs engineer to target a spet^ific aiul niaimgealile 
portion of the chip. 

Improvements to fault diagnose have tended to be either 
improvements in fault niodehivg'"'^'^ or hn prove nients in 
diagnostic heuristics aiid algoridmisJ''^^-^'^ hi this pap^r we 



Bridging and Stuck-At Faults 

Tlie most common approach for madEling IG defecis is the stuck-at fault madel "■ 
This model states that defective lines in a cifcurt witi be permanently stiorted to 
either the power supply (stuck-at 1 ) or ground (stuck-at 0) The modet has been 
popyJar for lest generation and fault simulatjon tiecayse it 3S simple la use and 
because a complere stuck-at test set tharoughly exercises the device under test (it 
requires tnat bath logic values be Dbserved on all lines in a circuit). 

With the advert of CMOS integrated circuit technology^ the coonection between 
the stuck-at fault model and actual detects has become somewhat tenuous. This 
is less important from a test generation perspective, since tests for stuck-at faults 
tend to be excellent tests fur other types of defects as we 11.^ For diagnosis, however, 
an accuretfi fault model might be mure important. In the accompanying article, we 
consider bridging,^ wnich extends tlie stuck-at model by allowing a defective line 
to be shorted to any other line m the circuit, not just the power and ground Imes 
Unl(k& the simpler stuck-at modet there are numerous variations of the bridging 
fault rnodef. depending an which bridges are considered (all passitife versus layout- 
based), and how they are presumed to behave {wired AMD, wired OR. dominant 
signal, analog, etc.], Our model^ considers possible bridges extracted from layout 
and models their behavior according to the relative signal strengths of the drivmg 
transistors. 
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attempt to analyze the relative conlrihutions of mnrlels and 
dgorithrus by crnnpariiig the diagnostic abiliiy of tin* 5itn|i[e 
stiick~at faull niodel iiairecl with a complex location algo- 
ritlnii to tlie roniplex ai^d redistic Inidgiiig fault model 
pairetl with a simple location algorithm. Tltese mudels and 
algonthm.s are coniiiiiied both on known l>ndghig defects 
fioni actual chips, mid since the available s^unple of kiiowTi 
bridging faults is small, on a larger sample of sintulatcd 
bridging faults. 

Only voltage testuig is consideiTd in this analysis, hi addi- 
tion, we cmtjloy a single fault model in <'ill cases, both for 
simijlicity and because in many ot the cases of interest for 
diagnosis, single-site^ defects are more likely. A part that 
failed \\s fuiulional package lest, for exampleH probably con- 
iKins only a single defect^ or it wf>nld not liave i)assed hs 
ruNuenatj.s tests at the watVr level ;uicl its paranietric tests at 
th^ package level. 

We consider only fnlhscaji < ircuits in this jiapen shice lull- 
scan circuitiy condnnes to be more iunenable to diagnosis 
than noriscan or partial-scan circuitiy. The jnain reason for 
this is that, full scan fioes not require the fault jnodels to pre- 
dict fui are states ac<iiraiely, since scan circuiti'y reloads the 
state after ever>' test vector. This rethices Ihe number of 
potential detections, and more significarUly* redtices the 
dei^endency between potential detections, which can greatly 
comijlicate fault diagnosis. We fmci that about 103'f>of re- 
tume<i parts have hiiling scan chains mid camiot be diag- 
nosed, but for the renminder, tlie improvement in diagnostic 
accuracy is worth the costs of fail -scan circuitry. 

FauJt Diagnosis Methoilology 

The fault diagnosis metliadi>log>' is part of the overall taihirc 
analysis process. Not aJl failhig chips ai"e selected for failure 
analysis. Some typical cainiidates include chii>s that piiss 
their componem lest liut fiul at board test, chips tiiat fail 
component test in a similar hishioiu and field rettmis, FatUt 
diagnosis lakQs fail lag lest VfTlors'^ iis hipur and retniiis a 
set of potenlitil def\»ci sites. Since these sites must be physi- 
cally exajnined by a hiilure mialysis engineer, it is import iint 
that there not be nya many oftlienL Fig. L shows the tools 
we use and the files created during fault diagnosis, 

' A given crt^jp tsst con£F.sts of a ser of hundreds or ttiousands ot mdEvicfiiat test vsctors. On a 
qi^n bad chip some of tfiese ^;ectofs will pjodifCe outputs ttiat fail the test, and ir is thase 
VBCtors ttiat constiluie ttte failing test vectors 
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OperMiciiis FBTfonned Qn^e per Circiyiit 
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Fifj. 1 , Faiiit (iiagnoslfr tools and files. 

Test Generation for Diagnosis, Sam vector sets for productioii 
test are usually optlniizpd ro acliit^vi* niaximmii single 
sti!ck-at fan 1 1 coverage with a niiiiittuiin niitnljcr of vectors. 
This allows test costs to be reduf-ed wiihout c(.)mpromiKiiig 
quality. A side erfec! of this jjioress is rliai matiy faiiUs tend 
Icj fail on die saJiie set r>f \ i^ctoia, making it diffieull to dis- 
tinguish between faults when using a vector fault dKtionai>v' 
wliich ('ontiiins only failing trst veciors. We improve the diag- 
uom\r resoiiition of jjnidiit lifin test vecior sets tiy atteiitiiting 
to geuerale additional tests tcs distinguish between stiit^k-at 
faults wliich have identical failing betiavior in tlie production 
set. This method seeks to nuiximize the diagnostic capahility 
measures descrilied in referenre 10, The vectors produced 
from tlus efToH are caller I an exi ended vector set. 

The second short coniing of production test sets is their re- 
liance on tlte single sturk-ai fiiull model. Stuck-at test sets 
can al.sa be extentieti by vei tors to target oilier faults sin Ji 
as bn<lging faults and transistor stuck-on/off faults. For the 
test sets used in oiu' mo del sncli faults were not expheitly 
targeted. 

Fault Location Software. < Jnc^e an ext«*nded vector set is avail- 
able, it (aji be used in thediagn<Kslie process. To avoid the 
large mnounts of data assocjated with iletailed fault dictio- 
naries, we generate a vector fault dictionary, or fault coverage 
matrix (see Fig, 2), As with lest ve<ir>r generatifjn. dietionaiy 
generariou is perfonned only ojue tur a given chit) design. 

The remaining steps ai'e nin i>u indivi(iufil failing chips. 
Fading chips are run on the tester and Ibtrir abscrrpd fdil- 
ures (test vectors and outputs where failiues are obsei^veci) 
are logged. For chips with nunterous faihires, only the first 
fe w hu r u 1 rei 1 fa 1 1 ures are t y t> i c a I ly j t ' r o rd (h]. fJiagnosis Is a 
two-step jirocesH. Ckjarse diitguf^slic rcsoJution is obt^ned 
by using the vector fault dictionaiy £md tlie vectors front tJie 



obsenecl fail ures to reduce tlie potential fauH list from all 
faults to a manageal:)le muiiber 

The coarse resolution process eliminates the \'ast iii^ority of 
faults from eonsideratloit, A more exiensi^ e faidt siniulalion 
is then ii^rformed (using fast fault simulation techniques* * ) 
on the remaiiting faults to cORstnici a detailed fault dlt'tb- 
nar>^ showing not only w*hich vectors are expecte<i lo fail 
l>ut also the scan elemenis and outfJtu pads where errors are 
expecled to be seen. The output of this simulation is then 
eotnpiU'ed with the tester tiata. Jind faults thm match are 
sent on to failure analysis. This two-step process has been 
successftil at reducing failure data and diagnosis time imd 
predicting defect sites. 

Tlte success of the diagnostic software depends on tlie accu- 
racy of the fault models and the ability of the algorithms to 
deal with uiim<Kieled defects. The next section chscusses the 
models and algorithms we selected for evaluation. 

Fault Models and Algorithms 

Improvements in the diagnosis process can be obtained by 
improving the fault models and the heuristics of the algo- 
rithms. Altlrough previous work'^^' "^-^-^^ has concentrated on 
tire heuristics of algorithms, some results are available for 
diagnosis using more com|>lex fault models;^ often using 
*ddq *"'^'^ Waicukauski et al^- reported tliat Llieir diagnosis 
method would work on bridging faults. Fancholy et al** tie- 
veloped a simiile test chip to exajnine the beha\ior of 
stuck-at and transition faults on silicon. Millman et al^^' ex- 
amined the rc?latioiLship Ijetween simulated bridging faults 
and stuck-at fault dictionaiies. using an early version of the 
^votu^g modt^r''^ for bridging sinntlation. Om- work builds on 
these results by examining the behavior of actual briflging 
defects on silicon and perfonning simulation using tuased 
voting, ' which is im extezision of the voting model that takes 
logic gate tliresholds into account. 

We examme the relative effectiveness of two ap]jroaches to 
diagnosis; the sinipie stuck-at fault mcjdel with a comjjlex 

* l(i,i,i IS rhe quf&scsfit drain cuirent 
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Fig, 2* Tlip cfmients of a vihUw fault dictinnar^' v*tsu,s a ilruijlif] 
rati If. di(;tiot^ar>^ which contains mare data. 
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diagnostic algoritlini aiid the more complex but realistic 
biidging fault nuxlol mth a simple diagnostic algorithiu. 
Using the stuck-ar nioclel and the smiijlc algorithm together 
typically pro\ides very hmitcd success (ill though this is de- 
pendent on the maiinfacturing process). Clearly, using the 
complex bridging fault model witii the complex algorithm 
would likely to lie the most successful, but wcmlti give 
little u\siglu iuttj whetlier Uie algorithm or flie uHxiel is the 
greaJ;est contributor. 

Stuck-atFauh Model. The stuck -at fault model conthiues to 
be ttic nujsl ixuniEiuuly used model for test generation, fault 
simulation, and fault chagnosis. The model is simple jmd 
sijuulation using it is fitsL This is imiHinanl [or )lic(i(inary- 
hascd difigiiosis- es|>erially irdyiutmit^ (hctloniuy ctiJLstruction 
Is iLsed, Because of the tnodels uhk|uitous nature, off-the- 
shelf CAD tools can often be nst^d for much of the diagnostic 
process. 

Bridging Fa uh Model. We use the biased voting model ,^ which 
is able to pretliei accurately the electrical beha\ior of a wide 
vjiiriety of bridghig defects hi standard cell ( Mt)S eireuitis by 
considering the drive strength and logic thresiiolds of I lie 
circuit elements in the neighborhood of the hridge. Orir im- 
tJletucutntitJi^ of tiie methoi) niiis ap|>i<>xima1ely two ia diree 
times slower [ver fan It lh;iii suick-al shmiULtjosi. t)nl is. still 
considerably faster than Spice, which i.t attem(>ts to emulate. 
Use of a realistic bridging fault model requires the extiac- 
tion of likely fault locations frcnu the layout, which in turn 
requir(\s an inductive fault aniUysis tool."^ It is impoitant that 
I)fitential bridges l>e extracieti between acijacent layers, as 
well ;ls within hiyei*s. 

Simple Diagnosis Method. The simple diagnosis method finds 
the best match between observed failure data ajid the pre- 
dicted failure data. A failing oittptit predicted by sinuilating *n 
given fault tor a given test vecttjr matches the obsened be- 
havior when ri tMiliire that was ohserveti on the tester at)- 
pears at die same output for the same test vec^tor A fault is 
removed from consideradon if it predicts a failiue point at a 
vcctoi' (or vector/output pair for a delaili^d fault diclionary) 
where no failure was obsejved. This is ecinivalent \o h some- 
what tekixeil fanh list intersect iijjT iilg{mtJnu.^ In general, the 
best matches ;ue chosen, anti the actual mauber of matches 
depends on experience and the fault model being used. For 
oiu" experiments, faults were only selected tf they were able 
to prechct all fmhu'es, which is the strictest selecrion nile. 

Extended Diagnosis Method, The extended diagnosis method 
is similar to the liit-pmtitil intersection method.'^ which ex- 
tends tl\e shuple tliagnosis method l>y not excluchng faults 
whose simulation predicts failures tlmt were not observ^ed 
on the tester, histead, the inconect predictions foi tliese 
faults Rve considered along with their correct |>redicMit>ns 
(i.e., simulated I allures whicli were idso obser\ed on tlie 
tester). A final hkelihootl for each fault is tknem^ijied by a 
weighted contl)ination of the two measttres, wliich is die 
extent to wiiich the fatilt s predictions matcli the obsen ed 
c!ata. In general a correct [prediction is given a substantially 
higher weight than an mcorrect prediction. For examiile, 
fault F:3 in Fig. ■] (which has three corre<i predictions and 
one inconect) has a liigher likelibooti tiian F2 twhkli has 
twcj coiTect prethctions and zero incorrect). 



It is possible to use ajt even more complex algorithni for 
diagnosis, such tis the effect-cause method. * Iloweverj de- 
structive scan (flitJ-flop outputs toggle during sc^m) on our 
example circuit preclurled examining transition bi^havior, 
and no implementat ion of the algorithm was available for 
our exi>erimenls. Finally, il is easy to constnjct cases in 
which sttch algoriihms can he itilsled by realistic bridghig 
behavior, so the results are likely to be siJiiilar to tliose we 
obtained. 

Experimental Results 

f)ur (experimental vehicle is a small, fulhscat^ ASIC (nine 
tliuus^tud gates) implemented in a 1-^uu process, Tv\o experi- 
ments were conducted, h\ the first, i^arts with knov^i bridging 
defects were diagn«>sed tising the two approaches descrilied 
above, and the results were cj initialed wilJi tJie known cause. 
In the second experiment, sinmlated bridging detects were 
diagnosed using tlie extended diagnosis method the stuck~at 
fault nuidel. 

Known Bridging Defects, "^flie sjunple chips for tills experiment 
came froju twt> t ategories. 'flnce chips had uietahttMuet^iI 
bridging faults insehed with a foeiised ion beam (FIB). 'l\vo 
olhers were pans t.lial Jailed at iKjard test,, and for' which 
subsequent failure analysis revealed bridging defects as the 
root cause. Tlie experiments w^ere conducted so Oiat the 
person running the diagnostic tools did not know the defect 
locations. 

Both diagnosis methods described above are able to rank 
faults based on their ability to predict obsen^ed failures. For 
the example in Fig. 3, the simple diagnosis method would 
rank the faults F2, Fl, with FJ heing excluded (Pi and Fl 
luive nf> wrong prcdiriions and Fl tuts more conect iiredic- 
tious Tlu^n PI ), while the extended diagnosis method would 
rank them F'l, F2, Fl (order is based on the number of 
correct predictions). 

Since a faihne ajtalysis engineer nsucilly does not have tuue 
to investigate a laige mnnher oJ' defect sites, we declm-e a 
diagnosis to lie mLsleading when at least nine smiulated faults 
are assigned by the pmticnlai diagnosis method to have a 
higiier likelihood than the actual fault of predicting obseived 
failures because their simtilated (or pre<licted) behavior 
f^lo.sely matches ohser\e<i behavior. We wajtted to contpmv 
the two ihagnosis methods by examining the number of 
misleaduvg diagncises. 

QbservBd Failures* = A, B. C 

Type &f Fay It Preilicieil Fa^ures** l^aiches lo Oliserved Faiiuras 
Ft A A Correcl 

Q Wrong 



F3 



A.B 



A.B,C.O 



A, Correct 

Q Wrcing 

A, B. C CarrBGt 

D Wrong 



^Failures Producred by Appiyifi^ Faitlng Test Vactor Set 1 to a Failing Chip on 
the Tester (see Fig. 2) 

•'failures Produced by Ap plying Failing Test Vector Set 1 to Fault Models 

Fig* S. Tile reliitinttsliip lit-hVHeti ['ailnig Lfisl vet-turs, obt^en'ed fail- 
ures, and the predieted fidlure^ prtKiuced by applying the falHitg 
vectors to a parUctiiar fatilt rnudcL 
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Tile results of tising these diagnostic methods on bridging 
faults are smimiame<l in Table I The entries under the fault 
model columns are the nunilier of cells that ha\'e be^n pr€^ 
dicTed to have potential defects after jjerfomiing fine resolu- 
tion using the model in question. The extended diagnosis 
nietliod which was used with the sruck-al fault model was 
able io identify' the compel cell as the most likely defect for 
chi|>g 2 and 3. For chip 4. the algorillun idemitleil rweh'e 
other kKrations as being likely fault locations liefore it found 
the correct faidt on the thirteenth tr>i For cJiif j 1 . on the 
other hand, faitlts on a total of 15 cells (including the actual 
defecti\^e one) i>re<iicted the observed failures correctly. 
However the stuck-at rnmlei on chip 1 also predicted failures 
on other outputs where no such failures were obsen-ed, 
which shows a danger in reJ>ing on a subset of feiling outputs 
to create a tlictionart' of likely fault sites (see Fig. 1 ), Many of 
the faults on these 15 cells were eiiuivalent,'^ so no snick-at 
diagnosis could distinguish between ilient Both chip 4 and 
chip 1 are thus misleading diagnoses because in both cases 
greater tlian nine faults match tlie obsened failures better 
than faults at tlie artiial defect site. 

Table f 

Results for Known Bridgiitg Oefetsts 

Fault Model 
Chip Actual Defect Type* Bridging Stucl<'at 

1 FlBhnclge NoivlVcdback 1 15 

2 FIB bridge Feedback 1 i 

3 FIB bridge Feedback 1 1 

4 Bridge Feedback 1 1:3 

5 Bridge Feedbiick 2 5 

6 FIB open — I 1 

7 Open — 2 2 
flB = FQ€us&d mnbeajn. 

• See Fig 4 

The bridging model was successful in eacli nisv xmng the 
simple diagnosfs method. Ai^ unsil^sei'ved faihuc wtts never 
predicted and all observtHt failures were iJrecficlfHl in each 
case. For cMp 5, two bridges matched the observed beha\ior. 
The second j?ossibiliry wiis also in the immediate viciiiily of 
tbedefen. 

We also analysied two chips with known open failnres (the 
final two chips in Table I }. Tliese failures f an iilso he diag- 
nosed to die t orrect Uk ation l>y botli methods, i^howiiig that 
the bridging method did not produce misleadiitg results m 
these cases. Tlie actual rate of misleading diagnfjses when 
fhe bridgiJig method is used wi(h ucjubridging deferLs has 
not yet been detemiined primarily because of lack of data. 

' EtjuiVDlefit means ttiar ttra s?mB faulty tKhavior i j cauised Jay two diffgreni faults ot the same 
ktnd 



Fanlt equivalence is much less common with realistic bridg- 
ing faults iliaii \\ith stuck-at faults. Equi^-alent faults shnpHfy 
test generation but comphcaie diagnosis ijecanse the noiles 
invoh^f*d may l>e widely dispeisetl on the actual chip. Tlie 
relative occun^nce of equivalent faults is slto^^m in Tal:>le II 
for all faults modeled in the circuit The imi<|ite row sho\^ s 
the innnber of faults that behaved differently from all other 
faults in the test set. Hie vast m^oriiy of bridging faults 
behaved i his way, but only 2I&% of stuck-at feults did, even 
though the lest set was designed to maxinti^e this l.>eha\1or 
The misleading row shows tlie munber f>f faults with inlier- 
enily misleading behavior, in that they were identical to at 
least nine other faults. Alniosi one sixth of the stnck-ai faults 
belongeci to this category, compared vsith less than 2% of 
bridging faults. Tliis impUesa subsliiiiiial inlierent misleadiitg 
diagnosis rate even for stuck-at defects when tlie stuek-ar 
model Ls used. The row labeled otlier re(>resents faults that 
had between two and nine fault equivalencies. In total, the 
25345 bridging faults exliibited 21540 failing belmviors, for an 
aver^ige of LIB faults per behavior, while the corresponding 
stuck-at figure was 2,CJ4 for 21(110 actual faiUts. 

Table II 
Equivalent Fault Behavior 

Modeled Bridging Stuck-at 

Behavior Number Percentage* Number Percentage* 

Unique VSiiU Ttll^ ij^iH 28.4 

IVlisleadiiig 412 l.(> $261 15.5 

Other 1724 6.8 1086 5.1 



Total 



21540 



85.0 



ItKJU 



49.1 



(si Ibf 

^i^. -1. 1-0 A ]i(int<"t'tilm«k mull, fb) A fferibartc layJ 



• As a percentage pf acujai faults (bridging fatiltfi = 25345 and stuckrst taulfs = 21010). 

Simulated 8 ddging Defects, The data in tlie tire\ious spction 
show.s ihiil JuLsleading diagnoses of ijridgiug defects can 
occur with the stuck-at utodel. hut aie iiisufficient to allow a 
rate to be f^fdrulated. fiat.e m a iii*>itiEure of Hie iu()bat>ility of 
a uiisleading diagnosis. To get a ijctter kie-A of I he rate*, (he 
following smiulatiou expefinienl was perfoniietL 

We selected 20tJ hiidgiiig faiiltf^ M randcuii froni the set ex- 
tracted for tlit^ circuit. Of diese, 78 were feedback faults and 
122 wer^ nonfeedhack. These fauJts were then siinidated 
arui a detailed fault dictionary obtiiijied tor each, llic faults 
could not be used <is c>l)sen ed faikue files direcl ly because 
they contained potential detecl ion informal ion. '"^^ Failttre 
fdes were generated by assuming that 0%, lO,'^, ^tfifa, 9t)%, 
and KKJ^^rtUMlonily selected pott^iTial detecdons would re- 
suli in enors. Our ex|>enence sti^^gcsis that in jHaciire this 
number is aj'ound MM for oui' siiuuhilion uietliod. 

Coarse diagnosis (vectors only) was then performed on 
these files- Four stuck-at fatiU.s were considered for cor- 
rectly describing the fault (stuck at or 1 on either of the 
bndgeti uodes). One of these faiths, which i>rcdicted the 
most oljsened failures, was then seh^ctc^tl as the f>e?»i iivalch. 
Ah other ffiuh.H that prechcted at least as Jnauy fj:ulures its tlie 
best match were noted. Of these, the faults with no more 
than the number of failing predictions of the best matcli 
were uicliuied as tmul klates. Tliis is nicaiu to rcpreserU a 

• fn a simui^tipfl, a fratejirial detection ^s a sittiation in whfch ii ts hefd to prove that the fagli 
was detected isee 'Potential Detect iort" on page 1 15|. 
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Results after Coarse Resolution 
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kind of optimal selQction proC€»ss, wliicrh is able lo stop 
when it reaches the corrpct delect, hi ri^ality, the sek^clion 
p roc ess would likely inchide other faults to guaranlee Ihat 
the correct faidt is selected. 

Tlie coarse resolution results are simimaiized in T^ble m. As 
an example of mterj:>reting th(^ entries in the table consider 
the case in which lO^K) of predicted potential detections were 
considered to result in harfl detections. For tioiifeetlback 
laiill^. 4d%oI U^e raullw were resolved lo rewerdian Five 
sites after coarse r^solnlioi^, and the rate of iiiisleatling diag- 
noses was almost 42%. The a\^emge CPU time required for 
coaiBe resolution on aji HP 9000 Model 735 workstation was 
24 seconds for each feedback fault and 22 seconds for each 
nonfee<lback lault, h s(*eins evidenl that feedback laulls 
result m a lugher rale of misleacQng diagnoses than non feed- 
back faults. This is not unexpected, since liie behavior of 
feerlback fauhs [s more comijlex ajid tlieir rnnnection to 
sfiiek-at l>eha\ior is more limited. 

As a lefereiue poiin, one exfjerirnenl (tlie last entiy in Table 
111) ^vas peiformed LLsiiig thi* ijridghig nu>del to attempt to 
diagnose the predicted bridging faults. In this case, die data 
for the feedback faults (which are more diOlcnlr to <iiagnose 
Ihan nonfeedback faults) with a JO^vi lale of poienlial deter- 
lions was rllagno^ed using a derailed t>ritlging fault dirtio- 
nai^^ The misleading diagnostic rate after coaise resolution 
was 7.T}k Most of these were cases where very few failures 
were observed. Tlie average CPU tune for coarse resolution 
was 38 seconds for this exjjeriment. 

Coai"se reKoInlion js only the firsl pai1 of the diagnostic pro- 
cess, hut the numljei' of faults reuYaining after it occiu^s de- 
termines tlu^ time required in jirocess the remainhig faults. 
Fine resolution wtis perfonned on the faults remaining after 
coarse resolution. Tlie results are shown in Table fV', which 
is identical ui structiue to Table HI. Tlie average CPU time 
re(|uii'ed for line resolution wbs 110 seconds for each feed- 
back defect ^md 117 seconds for each nonfeedback fault. 

It is interesting to note that in some cases the rate of mis- 
leading diagnoses actually mc reased after fine resolution. 
Tills may be because of a particular situation that occurs for 
some bridging faults. Sometimes \ ectors that fail closely 
match one of the stuck-at faults at one node of the bridge* 
while the actual failing sigujils propagate fron^ another fauU 



site. A typieaJ example issliown in Fig, 5, in wliich the 
buffer is able K) overdrive the HAW gale, so faihng vectors 
can (K'CUt whenever the \\\o luxies have opposing values. In 
this example, the buffer drives zero most of the time, and a 
stuck-at one failure on tlte buffer output matches the failing 
vectors extremely well. Since tlie buffer is always domuiant, 
failures never propagate from that site aiul fine resolirlion 
would disregard tlial defect. In these cases, (he tt)arse leso- 
hrtion process was m^iLliiied to pick at least one fault from 
ea<"h sit e. This tyi:)ically increased the number of faults re- 
maining afler troarse lesohitinn by a factor of three or four 
N'ole that the nnmber' of such defects is nontriviiil, since 
gloljiil signals and biLses tend to be ihiven with huge buffers, 
and tliese signals pass or cross many others. 

Tlie faults dial aie dilTicult to diagnose using ihe extended 
algorithm and stuck-at fault model tend to share one of two 
rhaiact eristics: lai'ge fanout c^md/or similar diivf? stiengtlis. 
In tlu^ fii'st case, the so-called "Byzairiine generaF^'^ belia%ior 
causes 1 HO bl en IS, where faults piopagale aloirg some fantjiit 
laanches birt not otliers. Wirh reconvergence, tJirs can cause 
failures where none would ha]3pen with a stuck-at fault on 
the stem and the re\'erse. In the second case, when neither 
gate in the bridge is dominant, the fault effects tu'e dispersed 
£ind less closely tied to either of (be hntlged nodes. 

The final row of Table IV again refers to using the bridging 
model to diagnose itself. As expected, misleading diagnoses 
are viiliially nonexistent at this poinh although (his restdi is 
itself soniewhal misleading, since the rtrodeled defeeis are 
the same as tliose t>eing rliagnosed. Fine lesolulion (nokan 
average of 90 secontis i>er defect for tliis experiment. There 
were typicaUy many fewer faults to resolve thmi with the 
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Brsncti 




Weaker Btive 
Fig, 5. EJr.Kimiiiiii brid^ijig fault. 
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Table IV 














Results after Fine Resolution 








Category 


Potemiat 




Faults Remaining 


(%) 




Misleading 




Detectiofi t%) 


1-4 


S-9 


10-19 


^Md 


50+ 


Diagirases (%) 


Nonfeedback 





43.4 


14.8 


8.2 


lai 


20.5 


4L8 




10 


45.1 


lao 


57 


10.7 


24.6 


41.0 




50 


42.6 


14.S 


1L5 


12J 


18.9 


42.6 




90 


37.7 


1L5 


15.6 


13.9 


2L3 


.W.8 




100 


ms 


14.S 


lai 


12-3 


23.0 


484 


Feedback 





:i24 


19.2 


1L5 


154 


21.S 


48.7 




10 


29.5 


16,7 


141 


244 


154 


.53.8 




50 


29.5 


19.2 


141 


17ii 


19.2 


51.3 




90 


35.0 


ia2 


IL5 


154 


17,9 


44.M 




100 


m4 


16,7 


141 


14.1 


25.C 


47.4 


Bridge (self) 


10 


92.3 


(x4 


L:i 


0.0 


ij.i) 


1,3 



stuck-at model, m^hich more than compensated for longer 
fiiniukiUrm time per fault- 

Conclusion 

We examined the occmTence of misleading diagnoses for an 
extended tliagnosis algorilhni with a stiiek-at fault model 
mid n simple algorithm with a realii^tir bridgirtji fan It nu>deL 
A (iiagrtosjs v^as declared to he misleading when ai least 
nine simulated faults v%^ere assigned a liiglier likelOiood than 
the actual fault of predicting ohsened failures because tiieir 
predicted beha\ior closely matched observed beha\ior. 

In the results from the actual cliiiis imd the simulation ex- 
tJeriments. it appc^ai's that the extendc^d diagnosis iilgoritlun. 
when used with the stut k-at fault model, resuit^s in a rate of 
about 40'Kj of juLslea(iinj^ diagnoses for realist i<: bridging 
faulis. This Is muoti higher than the rate obtained when 
using a shutJle diagiujsis cd^onthiu with a bridging fault 
nuKlel. This suggesi.s liial lauli inotlt^l luipn^wineru may be 
more beueHcial than algorithm ituprovemeni In itroduchig 
diagnostic success. Similar jates aie seeti for known bridg- 
ing defects and for those siniulateci using the hia.sed vfjt ing 
model,' altJiough in tlu^ former case the samtdc* size is too 
small for any conclusions. This work is contijiuing as a jomt 



Potential Detection 

A logic simutation will firoduce one of Hirett vaiuirs \ni a nnven f;iii:iiii output Q, 1 . 
and X. wfiere X is unknown [ttie simulator cannot predict the valoef The situation 
in which a circuit produces a known value, say D, in a fsult-ffee simulation but an 
unknown value. X, m the simulation ot a fault, is called a potentiaf detection. It js 
called potential detection because it will be detected ifthe unknown value is 1 on 
an actual faulty chip. Ijut rt will not be detected if the unknown value is D. The 
following table summanies these deiectabllTty conditions, 



Oaod 

Value 



1 
X 



Faulty Value 
1 

D 
H 

N 



^ Detected 

H = Ho\ detected 

P = Potentially detected 



project between HP s Desigi\ Terhi\ok»g,v f 'enter and HP's 
hitegrated Cireuit B ashless Division's cjualjty grouj)* 

A second and somewhat counterintuirive result has also 
emerged from tills work, hi at least some cases. <idditionaI 
inft>rmation i'cUi ijii|jede diagnosis. It was oliser\ed iliat vec- 
tor dictionaries are sometimes better at diagnosing Inidguig 
faults llian (ietailed fault dictionaries, panic ulai-ly when tlie 
faults ai*e of llie (jiie-gate-domiuates \tiiiety, Aciditional work 
is miderw^ay to lietter characterize this beha\ioi\ 
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techniques for polarization measurement and calibra- 
tion. He has published 1 B sctenttf ic and technical 
papers and parttcipaied in two technical conference 
presentations His professional interests include 
optical polarization, coherence, and wave interactions, 

Paul R. Herndav 

PA project manager at ifie HP 
Lightwave Operation in 
Santa Rosa, Paul Hernday 
came to HP in 1969 as a de- 
sign engineer with the Micro - 
wave Division, He was born 
in San Pedro, California and 
received a 6SEE degree from 
the University of Wisconsin 
m 196B- Paul is currently responsible for the HP 
B509A/8 lightwave polarization analyser and related 
topics In addition to managing development of the 
HP 8509A/B. he has served as project manager for 
the HP 8703A ZO-GH7 lightwave component analyser 
end helped develop a heterodyne VAG laser system 
for characterization of lightwave receiver frequency 
response. Before his work with lightwaves, he guided 
the development of a series ot microwave sweeper 
modules based on YlG-tuned oscillators and multi- 
pliers and the receiver hardware for the HP 8753 RF 
network analyzer His work has resulted in three pat- 
ents in the field of lightwave measurement apparatus 
and methods. Active professionally, he is involved 
Wfth the Telecommunications Industry Association 
jTIA) in the development of test procedures for PMD 
measurement, and has submitted a draft proposal for 
measurement of PMD by Jones matrix eigenanalysis. 
Paul is married and has two grown children, 
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Siegmar Schmidt 




Optics specialist Siegmar 
Schmidt has been with HP's 
Bdblingen Instrument Divi- 
sion since 1984. He holds a 
degree in physics from the 
Fnedrich Schiller LIniversity 
at Jena and worked m the 
field of optic-s before coming 
10 HP He IS responsitile for 
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V. 1 in Jena^ 

Th 

Hal mo Rscher 

WiTtiHPsmcaiegO. Hafmo 
Fisclier rs an R&D praied: 
^f'nineer at the E-dbdngBn 
:rumentDfv>s)on where 
.^cbegan work with the 
compgny He wis bam in 
Saalteld/Thijffngen, Germany 
and attended the University 
-^-^-~* of Stuttgart where he earned 
a Dcpjom fngenieur degree in cprTrmyrutatian engineer- 
ing His present re&ponsibiliTies involve the filter drive 
for tile HP 0156A opiicaf attenuator project reported 
in this issue He aiso parttcipated in the development 
of the HP 8I46A optical lime domain reflectometer 
Ha I mo is interested in digital signaf prncessing and 
enjoys sailing, swjmming. bicycling, and asironomy. 
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David M. Braun 

David Braun is a hardware 
design engineer at HP's 
Ughtwave Operatien He 
attended tha University of 
Wisconsin, receiving e BSEE 
degree in 1 378 and an 
KJ- MSEE rn 1 980 He joined the 

pfav company irr 1980 at the 

'^^ Santa Rtjsa Division. Cur- 

rently involved with praductian engineering support 
of semicontludor antireflectiiin coatings and research 
and development of higti -speed photodetectors, hrs 
responsibilities far three of tlie prajects reported in 
this issue involved the design and process develop- 
ment of edge emitting light -emitting diode sources. 
His previous work at HP jneludes a bmadband near- 
infrared laser antiref lection coatmg process tor the 
HP S157A and HP 8l6aB/C tunafale laser sGorces and 
mechanrcal design and optical launch design of HP 
8344 Series lightwave receivers, His work has re- 
sultetJ m three patent?; for Inw-ref lectivity surface- 
relief gratings for photodeteciors and a rfoutiJe-hevBt 
GRIN lens optical receiver having high optical return 
loss. David is a mem her of the Optical Society of 
Amenca and has published two conference and seven 
journal papers on antireflection co^trng design, optical 
recetver design and measurement, photodetectar 
design, and external cavity tuned laser design. His 
professional interests include semiconductor process- 
ing and testing of hghlwave sources and receivers 
He is rnan'ied, has four sar^s. and enjoys bicycling, 
gardening, and caokrng. 

Dennfs J. D eric k son 

Auilir)r';> hiograplty appears elsewhere in this section 
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1981 He IS cyrrentfy an RSD engineer at the iight- 

v'.^.F Hr-^'rit-nr •^r^'P re "S fesponsible foT developing 
:3er) sources as resorted in 



nrgirieeringin 1984 Prest ^w 

product ininDduction medTsnjcai engineefiOQ lO' :■ ' 
wave instruments, he worked on tJie team inve- : :" 
ing fiher-optic connector contammatTon as reported in 
this fssue He was a mechanics f designer for the HP 
fl5CBA/B poiaru^tion analyzer and an msirumeni pm- 
duct] on engineer for many lightwave instruments 
including the HP 9504A/B precision reflectometer 
Before comrng to HP he was witfi FMC and NASA 
where he developed vehicle computer simulations 
and designed equipment for $pace< atmospheric, and 
geological research. He is an author of tour publica- 
tions un statistical process control, design for manu- 
facturahility, and computer-aided design. Luis was 
born in San Francrsca, \% married, and fias three chil- 
dren. He likes to play basketball, spend time witli hrs 
tamsfy. and mentor Hispanic college and htgh-school 
students 

Greg D. LeCheminartt 

aBurn m Oakfand, California, 
^ Hreg LeChemmant canie to 
jl -Mn 1985 at the Network 
y Vleasurernents Orvrsinn He 
"J f^^^^R HfiendedBrigham Young 
\')0§f^K§ ' '''''^crsity. receiving a 
V'^'^^B -'^^ depres in 1983 and 

\ '111 MSEE degree m 1984. He 
^ IS presently a product mar^ 
keting engineer at the Lightwave Operation, devefop^ 
ing applications for lightwave modulatioo-domain 
instruments, He contributed to the development of 
applications for the HP 8504B precision reflectometer 
reported m this issue. Greg has published several 
application-focused articles in li^fitwave trade jour- 
nals. Previously he served as a manufacturing develop- 
ment engineer for VIG-basBd microcircuits f1 985-1939) 
Outside of work, he participates as an asststant adult 
teader for a Boy Scouts explorer post at his churcb 
He is married, has five children, and enjoys white- 
water rafting with his father and brothers. He also 
loves to play city league suftball and Is very Interested 
in fruit and vcgetnble gardening 
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Oennis J. Derickson 

Dennis Derickson received 
, hrs BSEE degree from South 

I S ' mt Dakota State University at 
i"*»^^#iJB ■•okings in 1981, an MSEE 

V vm^'^r '•! the University of Wis- 

'isin at Madison in 1982, 
i= 'jaPhD in electrical engi- 
Hiirrmg from the Unrversity 
ul California at Santa Barhara 
in 1992 He came la HP's Santa Rosa Division in 1982 
after working as a student at the Spokane Divjsian in 
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::jmhII-| Iij r-r nt; is 'laescrliltL; n iyp:OB\ca^^niC de- 

.ices and is a member of the IEEE Lasers arrd Electfa- 
optics Society and the Optica f Society of Ajnerii:a. He 

has authored or coauttiored 12 journal putilicatians and 
15 conferBT>ce presentations concerning optoelectronic 
devfces. Born in Westtinook, Minnesota, he is marri^ 
and has a two-year-old daughter A sailing enthusiast, 
he aiso enjoys amateur radio (call sign ACOP|. 

Patricia A. Beck 

Hardware engineer PattJ 
Beck works at HPs Light- 
wave Operation and is re- 
sponsible tor process trans- 
fer between di vis tons for 
TiE^w Ughtwave products 
Since joining HP in 193Dshe 
has worked on semiconduc- 
lor laser, EELED, and diode 
design, lauriudiiDn, testing, packaging, and reliability. 
Born in Atiamrc City, New Jersey, she has a SS degree 
in applied physics from Stockton State College (1930) 
and MS and PhD degrees, also in applied physics, from 
Stanford University (1983 and 1991) Her dissertation 
work advanced the art of silicon rnicromachined sen- 
sors Before joining HP she held research positrons at 
Kitt Peak National Observatory and at AT&T Bell Lab- 
arafones, where she conducted research on topics 
such as solar energy, robotics, low- tempera lure semi- 
conductors, and recrystallized and porous silicon. She 
is a member of the American Physical Society and 
the lEE and has puhlrshed a number of technical 
papers, mcluding a previous HP Journal article on 
dioda fabrication. Her work has resulted m patents in 
tiie areas of robotics and semiconductors. Her leisure 
activities include photography, charcoal sketching, 
travet, hiking and backpacking, the arts, other 
sciences, and all variety of puzzles, 

Tim L Bagwell 

A utfior's biography appears elsewbere in this section. 

David M. firatrn 

Author's biography appears elsewhere in this section. 

Julie E. Fouquet 

Witi) HP Laboratories since 
1985. pnncipal project scren- 
tisT Julie Fouquet is responsi- 
ble for advanced optical char- 
acterization of optoelectronic 
materials used tbroughout 
Hewlett-Packard, particu- 
larly materials used m light- 
emitting diodes and lasers 
for (.uruuiuniCdLiuns and display. Sbe isafso investigate 
ing new optical measurement concepts She invented, 
fahncaied, and tested for feasibility in OKtremefy 
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(ow-ca here nee retleciomeirv the superluminesceni 
ligh^flmitling diode with reverse-biased absorb&r 
reported w this issue. Her work has resufted m a pat' 
ent for tliis device and a patent pendfn§ for a semi- 
conductor laser that generates second- harmonic light 
with an attached nonlinear crvstal. Her previous HP 
contributions indi/de red, orange, ind ye How AlGalnP 
LEDs for display, red LEDs for plastic opricai libet 
cornmunicatjon, AlGMs infrared LEDs lor glasis optical 
fiber cDfTimunication. GaAsP LEDs tor opiocojpEers. 
GalnAsP for devices in lightv\;ave lest equipment, and 
AIGajnAs for FET integrated circuits. Earlier, she was 
a research associate at ATST Belt Laboratories wiiere 
she developed the theory *or single- mode square mesa 
iasers and characterized fiber directional couplers 
while developing a fail-safe network, Julie holds a 
BA degree in physics from Harvard-Radcliffe i1 3901 
and MS and PhD degrees in applied physics frum 
Stanford University (1982 and 196B} She has authored 
over 50 technical papers and 35 nontechnical articles 
on las&rs and electrooptics and related tnpics and is 
involved in the IEEE Lasers and Electrooptics Society 
(LEQS) and the American Physical SfKiety She ha^ 
been editor of the IEEE Circuits and Devices maga- 
zine, has served an several IEEE cainmittees, ar\d 
was elected a member of the lEEE-LEOS national 
board of gevernors for 1991 to 1993. Barn in Palo 
Alto California, Julie is married with iier first child on 
the way, She likes hiking, cfasaical music, reading, 
animals^ and science fiction, 

Forrest G. Kellert 

A development engineer with 
the Microwave Technology 
Division, Forrest Kelfert 
joined HP in 1980 at the 
Dptoeleciromcs Division. He 
was bom in Passiac, Mew 
Jersey and attended Rice 
University in Hauston Texas, 
rocetving BA. MA, and PhD 
degrees in physics in 1976. 1970. and 1990. He is 
presently responsitjie for molecular i]eam epitaxy of 
high-frequency diodes and tran si stars, and organo- 
metallic vapor phase epitaxy o1 lightwave detectors 
and emitiers. His work for the project reported m this 
issue involved using organDineiaflic vapor phase epi- 
taxy to grow tnGaAsP edge-emitting LED layers an 
tnP substrates. His earlier accomplishments for HP 
include development of IIJ-V matefial growth for 
LEDs, lasers, and photodetectors. He has published 
19 papers concerned with atomic physics and semi- 
conductor physics and errgineering, is. a member of 
the IEEE and the American Physical Soctety, and is 
interested in I II- V epitaxial growth, Forrest is married, 
has two children, and is active as a Cub Scout den 
leader and assistant youth soccer coach, 

Michael J. Lu do wise 

Authors biography appears etsewhare in this section, 

William H.Perez 

Author's biography appears etsewhere in this section. 

Tirumala R, Ranganath 

Autfiors biography appears elsewhere in this section. 






Gary E Trott 

GaryTrottisa member of 
the technjcal staff at HP 
i oratories and is responsi- 
I or research on mtcro- 
pnutonics. He received a 
PhD degree in physics in 
1381 and arrived at HP's 
Optoelectronics Division in 
1961. He worked on devel- 
oping the L. > ■ ■ ■ i- 1 ^ 1 .1 technology and its process 
transfer to the Miciowave TechnoEogy Division for 
the project reported in th]S issue. He has also done 
previous work at HP in the areas of GaAs lasers and 
reliability, quantum-welt LEDs, and InP lasers. A 
member of the IEEE, he has authored 12 publications 
on optoeiecironfcs. His work has produced a patent 
on selective contacts to n-i-p-i devices. Gary was 
horn m Saint Paul MinoesDta. He is married and 
enjo^ wilderness camping. 

Susan R. Sloan 

pTjject manager Susan 
Sloan is with HP's Lightwave 
Operation and is responsihle 
';:ir o rejects invofvmg photo- 
;-ctors, lasers, and 
: ! EDs. Born in Madison, 
','; 5 i:o ns in. she received BS 
ueyrees in physics and Eng- 
tish from the University of 
Wisconsin ot Madison in 19B1 and an MS degree in 
physics from the University of Colorado at Boulder in 
19B4 She came to HP in 1985 at the Microwave 
Technology Divisien Her accomplishments include 
work m GaAs integrated diodes, design, fabrication, 
and test of Schattky and planar doped barrter dmdes, 
and InP/lnGaAs photodetectors She was the proiect 
manager for the EElED proied reported in \hs issue 
and has authored several previous articles about 
photodeteaors far the HP Journal. Other publications 
of f)ers have concerned GaAs photodetectors and 
planar doped barrier FETs, and she wrote a chapter 
on photodetectors in a hook on photon<c devices and 
systems. She is involved with hands-on science at 
the Santa Rosa elementary schools and works to pro 
mote interest in science careers. She is married, has 
a ttiree -year-old son, and her hobbies mdude reading 
and wrrting fjarnn, knitting, piano,, hiking, and skimg. 

49 Jitter Analysis 

Chistopfter M. fi/ljller 

Ch f i s M i H e r grad u ateri with 
^A^f^^ B BSEE degree from the Uni- 

^B^^^^^ versityofCaliformaat 

WZ Mg^ W- Berkeley in 1 375 and re- 

1 % 1^ . cetved an MSEE degree from 

^A ' the University of California 

- ^^ I _ at Los Angeles in 1978, In 
J^it^^LMj' ^ 9^ 3 . ^fi i ° i^ s"^ ^^^ techn ica 1 
>rjfAi^Ha£!il_ gt3ff pj Hewlett-Packard 
Laboratories, where he worked on high-speed siljcon 
bipolaf and GaAs integrated circuits, Chris is curently 
an RSiD project manager at the Lightwave Operation 
located in Santa Rosa, California In addition to the 
HP 71501 jirter and eye diagram analyzer, some of 
the pruducts his project teams have prevmosly intro- 
duced inciude.the HP 714m and HP 8381 Isghtwave 




signal analysers and ttre HP 119B2 wide-bandwidth 
amplified lightv^/ave converter Chris has authored 
over a dozen technical articles and symposium papers 
on lightwave measurement tEchmques, including 
three previous artictes in the HP Journal Born in 
Merced, California, he is marrrecf and has two sons.. 
He enjoys running, weight training^ and managing 
Little League baseball teams. 

David J. McQuate 

A development engineer 
with the Lightwave Opera- 
tion, Dave IvlcQuate came to 
HP in 1978 at the Micro- 
.■vdve Division Lie received a 

'■. degree in phystcs from 
uiio University at Atfiens in 
^'U/D and earned MS and 
PnD degrees in physics from 
the University of Colorado at Boulder in 1974 and 
1 977 He designed measurement algorithms and 
veriHed measurement accuracy for the HP 71501 jitter 
and eye diagram analyser and is curreruly responsible 
for designing measurement algorithms and v./nting 
programs to extend jitter measurements to 10 Gbits/s 
and to mulhple)!er and demultipleKer devices. His 
earlier HP experience includes work on a BQ-GHi 
photoreceiver frequency response measurement sys- 
tem, development of a sysLem for wafer lest and op- 
tical fiber pigtail ing for lithium niohate Mach-Zender- 
interferometers, an automated system to produce 
snmll-stgnal models for microwave GaAs FETs, and a 
low-dnve-power sampler and accompanying phase- 
locked ioop, VCG. and mixer Dave is an SP!E member 
and has auti^ored a paper about a photodiode fre- 
quency respoose measurement system. He is married, 
has two children, enjoys musjc composition and 
arranging, and is an advocate of bicycle commuting, 

57 Remote Fiber Test System 

Frank A. IVIater 

With HP since 1989, Frank 
Maieris R&D project man- 
ager for remote fiber testing 
systems at the B 5b ling en 

■trument Division He was 
•im in Waiblingen, Germany 
■■ifj studied electncal engi- 
-.^ering at d^e University of 
Stuttgart, where he received 
a Diplom Ir^genieur in 19B8, His current responsibilities 
include project management for the HP 81 700 Series 
lOD remote fiber testing systems reported in thjs issue- 
He contributed to the development of the laser sources 
for die HP 8 153 A lightwave multimeter before working 
on receiver hardware and analog hardware trouble- 
shootmg tor the HP 8146A QJDK He is the author of 
several putilications related to lightwave instruments 
and is professionally interested in analog hardware, 
especially optoelectronics. Frank enjoys opera, theater, 
classical music and literature, and good food and wine, 
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Harald Seeger 




Software engineer Harald 
Seeger was bom m Essfin- 



Diolcmi In 




group and worke-d avi :-. ■ 
to. andsofiware vendc: ijpiMs^jc :^i ins HP 
8T7dO Series TOO systems desmbed in this issue He 
has worked sn several OTDR projects since jomirfg 
HP's Botjlirrgei InstFument Ofvfslon in 1989, His con- 
tributions to itie HPeT46A QTDfl jnclude work on the 
display and nieasurement firmware, the scan im:B 
aJgomhm, and the PC software (HP Journai, February 
19331 He afSD panicipatEd' in the devefopment of the 
HP ai56A optical attenuator His professional intErests 
include C++ and Windows 4.0. Harald enjoys trnvelfng, 
multimedra, pdlifc. eojlogy, and economics 
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Peter R, ftohrish 

With HP Latiorstones since 
1983, Peter Rohfish is cur- 
renily responsibie for feasor 
design, assembfy and char- 
DLterizatron as welt as re- 
searcin in optical technDlogy 
and instTurnents He received 
his AB degree in physics 
from Columbia University in 
1E6^ and earned a PhD degree in physics from the 
University of California at Berkeley jn 197Z. At HP, he 
has worl^Bd on eiecirical cnnnector reliability, surface 
mount lechnalogy, pnnted erf en it baarri electrical 
perfofmance modeling, measurement system atchi- 
lectures, and data analysis techniques for comple)c 
data sets. Hefcre comrng to HP Peter worked for the 
University of California Lawrence Berkeley Laboratory 
in the area of high-enargy particle physics from 197Z 
to 1S83. He has publfshed numerous papers in par- 
ticle physics and laser spectroscopy and design and 
rs a member of the American Physical Society, the 
Optical Society of America, and the IEEE. 

Christopher J. Madden 

Born in Boston, Massachu^ 
setts, Chris Madden holds a 
PhD tfegree in electrical 
engineering from Stanford 
Jniversity, which he re- 
"^ '. cesved m 1990. A mamher ot 

the technical staff at HP 
^^^ ^HT Laboratories since 1990. he 

^^^ ^^^ is currently responsible for 
the design, modehng, and lesring of inP p-i-n and FET 
devices and circuits. He worked on pholodiode re- 
ceiver design and test and laser phase locking for the 
project descrfbed in this issue. His previous work at 
HP incrudes calibration of the HP B344fl lightwave 
detect prs which appeared m the February ^933 HP 
Journal. He spent two years with HP as a stodent be- 
fore beginning work on his doctorate degree and has 
published several technical articles on very hrgh-speed 
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. .3ncy and 
"36? He is 
nevv 

^vorked cm sy^m dgtinitiori 
and assisted with charaae^ 
nation for the project de 

$cribed m this issue, Other accomplishments at HP 
include work on the H? 5340 microwsye counter, the 
HP 71400 lightwave signal analyzer. GaAs IC technol- 
ogy, and the lightwave instrument pro-gram. He has 
also served as an HP visiting facuhy member at the 
Unrversrty of Caiifomra et Santa Bartiara. Before com- 
ing to HP Rory worked for the Lawrence Radiation 
Lshoretory at Berkeley rn the field of nuclear instru- 
mentation He received 6 SEE and MSEE degrees 
firam the Uniyersity of California at Berkeley in 1&55 
arrd 1969. respechVeiy. is a fellow of the IEEE, and has 
authored numerous IEEE publications on integrated 
crrcuits and instrumentation. 

WlJEIain R. TnitRs, Jr. 

Project manager Rick Trutna 
JDinBd HP in 1980. He worked 
Qn\C process development 
dunng the first four years of 
his HP career, then moved to 
HP Lab oratories, where he 
contributed to the clBve^op- 
mentoftheHP8145AQpttcal 
tima-domain reflectometer, 
He was project manage? far if it group rhai developed 
the HP 8l67A/6eA tunable laser sources. Rick is a 
member of the IEEE and is the author of 20 articles 
on optics, lasers, fiber optics, and integrated crrcuit 
processing His work has resulted in eight patents on 
the same topics. Born in Pasedena, Te^tas, he studied 
electrical engineering at the University of Tej^as at 
Austin (BSEE 1973) and at Stanford Universitv iMSEE 
1974 and PbO 1379), He afso did a year of postdoc^ 
toral work on laser isotope separation of uranium at 
the Max^Planck Institut ftjr Quanten Optik irt Garching, 
Germany Rick is married, has two sons, and enjoys 
hiking in addition to spending tim^ with his family 
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Michael RXTao 
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^^^^ , Michael Tan is a member of 

^^^^^^ I the \ ech n^ca I s ta ff a t H P 

ig^^^^^k Laboratorres wliere he is 

^ ^^P responsible for design, fab- 

W ' ri cat ion, and characteri^a- 

^^ . r ion of surface emitting laser 

^J diodes for data Imks as re- 

^^^^ came to HP in 1984 and 
worked previously at the Xerox Palo Alto Research 
Center as a research scientist. His past accomphsh- 
ments at HP include work on SAW filters used m the 
HP 71500 microwave transition analyser, nonlinear 
transmission lines used m the HP 541 Z4 sampling 
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QSCillDSCope, HIV electrolytic nedulators, and 
tJouble-f^srostructore step recovery diodes. Michael 
has atittvored numemus puUlieations on SAW filtef 

design and Hl-V ;-n?-^^:^-*:-i- .r -Z-. ,u-. -vr i 3 mafry- 

befoflhelEEt 

ar^-^'^---^-^-,^,...:. ,. . r_ ..........,.;:.^;it 

f' State Unwersrtv at Long Beach and 

fC.::, :■■:. -^ --^^^ ^- - c^^t , , ' ver^ity Bom 
in Manila, Phs : : a son, and 

enjoys hikmg. uo^^i.^^ .j^y ^ , j . ,, , , ,y 

Kenneth H, Hahu 

' -nneth Hah n joined HP 
J oratories as a memb^ of 
z technical staff in 1991 
■ ■■: has a BS degree in phys- 
•lis from the California Insti- 
tuie of Technology II 98fi), 
■:"1 a PhD degree in physics 
" ■: Ti Stanford University 
1 1991}- He IS a principal 
investigator of the Parallel Optical Interconnect Orga- 
nization (POLO) consortium with responsibility for 
designing and building paralfeE optical interconnect 
modules and coordinating the POlO technical team. 
He was concerned with system and link performance 
measurements for the laser described in this Journal 
issue. His previous HP responsibilitfes and areas of 
research have included the evaluation and applica- 
tion 1 polymer vraveguides, which led to a technol- 
ogy transfer agreement between OuPont and HP op- 
Ucal interconnects, and integrated optics. Ken's work 
has produced one device patent and lour pending 
patents, and he has authored over 20 publicahons in 
the areas of optoelectronics and optical physics. He 
is a member of the IEEE and the Optical Society of 
America. 

Vy-Mrn 0. Houng 

With HP Laboratories since 
1980, Denny Houng is a proj- 
ect scientist responsible far 
gas-source molecular beam 
epitaxy growth of vertical- 
cavity surface emitting laser 
epitaxial mater iats and 
wafers as reported in this 
issue He has previously 
worked on various epitaxial growth techniques for 
high-speed and opto electronic materials and is an 
author or coauthor of more than 30 technical papers 
on lll-V semicondLfctor materials and devices Before 
coming to HP he was with Varmn Central Research 
Laboratories where he worked on Itl-V semiconductor 
epitaxy fl97? to 19791, and with Tektronix La borate^ 
ries, also working on llt-V semiconductor devices and 
materials (1379 to 19801, Danny has a PhD degree in 
electrical engmeenng from Stanford University 119771 
and IS a member of the American Physical Society, 
Born in Taichung, Taiwan, he is married, has two 
children, and enjoys fishjng and playing the Er-Hu, a 
Chinese stringed musical in.strument 
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Shih-Yiian Wang 

M^H^^^ Born in [^t]nkmg, China, S Y 

^^HP^^^k Wang recei^/ad a BS degree 

^^g ^^^L 1^ engrneering physics in 
^P -^M 1969 and a PhD degree in 

^f ^^ wM electrical engineering and 

\ g computer science m 1977 

fmm the University of Cali- 
tomia e[ Berkeley. He joined 
HP in 1977 at the Micro- 
wave SEmiconductDr Diuisian warkmg on low-noise 
GaAs field-effect transistors and is npwa projeiil 
scientist at HP Laboratories. He js the proiect leader 
for the surface emitting laser development reported 
in this issue and is also responsible for establishing 
dose contacts with user groups so that the de'^ice 
can be designed for their exact needs His previaus 
work at HP includes piorieermg work on high-speed 
phatodiocles that are now in several HP [ighiwave 
instruments, and high-speed traveling -wave \\\'\i 
electrooptic modulatDrs. His vvofk has produced six 
device patents wth another seven pending He is a 
fellow of ttie Optical Society of America, a men^her of 
the IEEE, and associate editor of the lEEE-DSA JournaJ 
of Lightwave Technology. Before joining HP he was 3t 
the Space Sciences Laboratory at the University of 
Califomta at Berkeley, where he worked on a irave ling- 
wave maser used to siudy ammonia molecules in the 
universe, and at the Electronic Researcii Laboratory 
at UC Berkeley, where he worked on in eta f -metal 
tunneling devices, S.Y is married, has two children, 
and contributes some of hrs spare time teaching 
hands-on science in local elementary schools. He 
enjoys travel mg with his family, reading history and 
nonfiction, music, photography, camping, helping 
youngsters with science and math projects, and 
learning to draw. 
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Shig&ru Nakagawa 

A nrfember of the technical 
staff at HP Lah oratories in 
^' Japan since 1991, Shsgeru 
Nr;kagawa received 6S and 
, '.■■'::■ iJegiees in electronic 
-• ■ ^ engmeermg in 1989 and 

^""^ ^N 1931 from Tohoku University 
in Japan He is responsihle; 
mr the design and fabrica- 
tion of optical devices. For the project reported in this 
issue, he worked on device design, fabrication, and 
measurements. Hss work has produced a patent for 
low-dsstoJlron switch arrays and he has authored 
seven conference papers on mcromachirNng and 
three conference papers on second-harmonic genera- 
tion. He is a member of the IEEE and the American 
Physical Society. Born in Hakodate, Hokkaido, Japan, 
he enjoys skiing, tennis, and soceer. 





Oanriy E. Mars 

Dan IVlars was bom in 
Akron. Ohio His educational 
background includes 3 BS 
degree in physics from the 
University of California at 
Santa Barbara 11973), an MS 
in materials science and 
engineering from California 
I. *- v_ cj|3|g University at San Jose 
(1977), and postgraduate work at Stanford Unv^ersity 
(1^77-l9&0^. He joined HP Laboratories tn 1975 and is 
currently a member of the technical staff of the solid- 
state laboFatojy. He is responsible for molecular beam 
epitaxial crystal growth of compound lll-V materials 
that are used to fabricate heterojunction electronic 
and DptDelectronic devices as reported in this issue 
His previous work with HP included the optol and 
electrical characterization of lll-V compound semicon- 
ductors. Dan IS the principal author of 4 pubhcations 
related to molecular beam epitaxy growth, devices, 
and technology and a coauthor of more than 2D papers 
that deal with optical and electrical characterization 
and molecular beam epitaxy growth, matenaSs. and 
devtces- He is a member of the Materials Research 
Society and his work has resulted m a pending patent 
related to regrowth of lll-V device material by molec- 
ular beam epitaxy. Before coming to HP, Dan spent 
eight months with a NASA Ames Research Center 
contractor working on an analysis project that dealt 
with lunar magnetometer data sent from instruments 
left on the moon by the Apollo astronauts. He is mar- 
ried, has a five-year-old daughter and a three-year- 
old son, and enjoys bicycling, runnmg, ar^d hiking 

IVorihide Yamada 

^^^^^^ No n hide Yamada is project 

^^B^^^^ manager of the photonics 
^/^^^^^^ '^^^^^ Qf l^P Lahoratorios 
^^ ^^^H J^P^>^' He led the project 
W7^ • ' ^^ that developed the blue 
^ '^ laser described in this issue 

He joined HP Laboratories in 
1990 and introduced the 
proton -exchange technique 
for waveguirie tabncatian to HP His work has pro- 
duced two patents and three pending patents, all 
concerned with photonic devices Before coming to 
HP, he was an assistant profess or at the Urn varsity of 
Tokyo He has published 3D journal and conference 
papers on so1id--state physics, optical measurements, 
phtitonrc !- ■ I mage processiiTg. end is a 
member f ■ .Society of Amenca and the 

Japan Society or Appiied Physics. He is interested in 
photonic devices and optical measurements, Born in 
Tokyo, Japan, he received 6S, MS. and PhD degrees 
in applied physics in 1983. 1985. and 1990 from the 
University of Tokyo, 
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Robert E.McAu I ifle 

^^^^ Bob McAuliffe received a 

^^^Bl^ BSEE degree frnm the Dnr- 

^ M varsity of Nebraska in 1982 
m^9^ '^C^■ He's been an E&B engineer 
|| , , F with HP's Manufacturing 
'- ^ — Test Division since 1983. He 

^ ^ ^^_ was a CO deve I o per of ihe 
^M ^^"^^ ^^ generic systems model of 
^■^ ^^ serial communication and 

was one of tv^'O hardvvare designers of the Serial Test 
Card tor the HP 3079 product line reported in this 
issue. He codeveloped the U-bus personality moduEe 
for the Serial Test Card and is presently responsible 
for enhancements to the card His other HP accom- 
plishments include work on a sequencer ^or the HF 
30B5AT board test system and development work on 
tfiE HP 3DB5CT communications lest system His 
work has produced a patent for a serial pattern gen- 
erator and two patents related to a genera I -purpose 
sequencer ror processing serial bit streams. Bob is 
■interested in drgital design and design automation 
tools and recently authored a paper for the Interna- 
tional Test Conference. Before coming to HP, he was 
a summer intern at Deico Electronics and AT&T Bell 
Laboratories where he worked on engine control in- 
struments and developed confirmation and diagnostics 
software. He was born in Clannda, Iowa and likes 
volleybalL golf, astronomy, and music. 

James L Benson 

nA product marketing engineer 
at HP's IVlanufacturing Test 
I Divrsien since 1 985. James 
I Benson is responsible for 
L - ' new-product definihon, mar- 

y ket analysis, and sa Ees de- 

i\ ^ ^ velopment. He received his 

BSEE degree from Brigham 
Young University in 1983 
and dii MBA in ? Jb6, also from Brigham Young Uni- 
versity. He performed the initial market forecasts and 
worked on early product definition for the project 
reported in this issue. He has also written several 
test applicatJDOS for customers. Other work for HP 
includes application engineering for training and sup- 
port of the HP 3065 board tester, sales account activ- 
ity development engineering, and product market 
engineering with the telecomm business team. Jim 
was born in Btackfoot Idaho and enjoys gardening, 
home improvement projects, and basketball. 

Christopher B. Cam 

Project manager Chns Cain 
^^ttd^. has been with HP's Many- 

B^^^^^ factoring Test Division since 
W ,-#- -'^ W 1985. where he heads a 
I ' -^ I ^^^^^ °^ software engmeers 

V^^-*»J responsible for a major por- 

^p^VJK . t i on of HP ATE syste m soft- 

c^^J^^L A^ W3fs. He was the software 
"■^"^ .•«■ architect and lead engineer 
on the Serial Test Card and wrote portians of the 
Serjal Test Language compiler and run-time cade for 
the project reported in diis issue, His prior HP experi- 
ence includes ten years as a software engineer work- 
ing on the Oivision-s first telecomm product, digital 
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5equefK^' 131 test enhafiOrTjeiiis \n an 

ATE systt " ■ r ciLf rs oi t^B Se^ ' ^^. Ian ^ 

gu^. He ru^>km r.i5 BSCE 1 ' ,: '-' 
UfifvEfsny m j3&4 and hts MSL . " t.' ■ 

noiOQfcaS Univffsttv m 1993 CftfiS ts miefesieLi m 
sotTware devejopmam processes that include objea- 
Dnented design and EVO delrvery and is rramsd as an 
ijTventtv in a patent for a senai daia geners!:' 5^1 ^- 
two others concerning a gsneral-purpose 
fm poce^ing seriaf bJt streams He was : 
Councti Bluffs, Iowa, is married, has two ct\f3dre/i. 
perforins CIVIC work as a vismr^ scienust and enjoys 
ig, mode! irains. fiiking, and family life 
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Jay D. McDougal 

Anativeaf McCall, Idaho. 

engineer/sctentisi Jsy 
VIcDoygal attended the Um- 
versjty of idaho from which 
he received a BSEE in 1986 
and an MSEE in 1987. He 
came ta HP in 1987, going to 
^^^^^^^^ worlt as an 1C designer aE 
-"^ ^'^^^^^^ HP's Integrated Circuit Bm- 
ness Division ffCBD] at Santa Clara. Whiie ttiei-e he 
worked on EC designs for a wide range af products 
inciudmg custom and standard ceJI imptementations 
for chips used in medical, mass; storage, and work- 
station products. He has also defined methodoiogies 
and sirategaes ^or IC design such as the IDO-MHz 
standard cell memory tiontroiler ASIC used in X-ter^ 
minals. which is mentioned in his arttcle. Currently he 
is at ICBD in Can/aOis where he is respan^ibJe far 
deveteping straiegies for an integrated CPU product 
intended far systom-leveJ integration. His previous 
pr Dfessional experience inclodes work at the NASA 
Micro electron Fcs Research Center where he deveJ- 
oped a full custom Reed-SolomDn encoder for a 
MAS A research project Outside mterests include 
backpacking, hiking, skiing, basicetbafL and golf Jay 
IS married and has a son. 

William E/Youi]g 

William Young is a member 
Qf the technical staff at JC8D 
n Con/afhs where he is re- 
sponsible for supprjrt and 
:Jevelopment of physics] 
design processes at the 
DfodiJCl design center He 
received a BSEE degree from 
the University of California 
et Davis in 1 9S3 and pned HP in 1988 Past accom- 
plishments a! HP include development of place and 
route tools and processes for all current IC process 
technologies He has worked on the physjcal design 
of over 30 ASICs For the prDJect reported m this issue, 
he was concerned with physical design, development 
of the WEte Joad models, and clock skew verification 
Gefoie coming to HP. Bill was with Intel for fjve years 
where he worked first as a process engineer in CMOS 
fabrication and then as a product engineer doing 
mtcroprocessor test development He was born in Long 
Beach, California, is married and has two daughters, 
and enjoys fly-fishir^g. woodworking, and golf. 
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Prasad Haie 

Prasad Raie was bofn m 

Somtsay, India andattr 

the Indian fnstnute o' 

nologv vv-here he eamec e- 
BTech ctegree m etectrcal 
engineenog in 19K He con- 
tinued his studtes at Stanford 
Unive/siry and received an 
MSEEfn i988andaPhDrn 
ISSl He worked at Texas instruments before coming 
to HP as a student in IM He became a full-time 
employee when he jamed HP Laboratones in 1991 as 
a member of the technical staff on a next-generation 
wtde-'ACfni computer projeci. He is presently involved 
m various levels of the HP-Intel jomt effort m the 
areas of CPU architecture, microarchitecture. 
d.2b-iim CMOS interconnect, and device oplimiia- 
tion. His work has resulted in a patent in BiCMOS 
gate optimization and a patent pending in 1/0 circuits 
for mulfrchip modules He is a member of the IEEE 
and is chairman of the digital design subcommittee 
of the IEEE Bipolar/BiCMOS Circuits and Technology 
meeting. He is also on the committee of the IEEE In- 
ternational Conference on Computer Design. He has 
authored a chapter on digital design in a hook on 
BfCMOS technology and applications and has written 
over 3 dozen papers lor IEEE journals and conferences, 
He is married and enjoys spending time with hss 
daughter, listening to classical Indian music, reading, 
skiing, and visiting places of natural beauty. 
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William K, t^m 

With HP smce 1393, William 
Lam IS an R&D engineer at 
HP's Design Technology 
Center where he ts involved 
in the research end develop- 
ment of CAD tools for power 
^^ computation, design for test- 
abihty, and formal verifica- 
tion of hardware designs. A 
graduate of the Universitv of California at Sarkeley, he 
was awarded a BS degree and then an fvIS anrf PhD. 
all in electrical engmeering and computer science 
Will is a member of the IEEE and has 25 publications 
I including a previous HP Journal article) in the areas 
of timing analysis, delay fault testing, synthesis for 
tesiability. wave pipehnjoci, and formal verification 
He has been named a John and Fannie Hertz fellow 
anct received the Sakrfson award for a distinguished 
PhD thesis in 1994 from the University of Caltfornia 
at Berkeley Department of Electrical Engineering and 
Computer Science His professional interests include 
GAD algorithms and high-performance design He 
enjoys badminton, swfmming. sguash. classical 
music, Chinese chess, and travel 
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Robeff C, AitJcen 

RaLOer^ginesratHP's 
-iraied Circuits Bostness 
Aittocsme 
-: theC^rtuit 

Tecr.nciGgT Group He re- 
ceived his BSc and M& 
degrees tn computer science 
from the Ufitversrty of Victwia 

in Canada in 1^ and 1985 
respectively, and went on to earn a PhD in electnca! 
engineering from McGill University in 1390 Previous 
professional experiervce outside HP involved expert 
system development with the Alberta Research 
Council at Calgary, Canada His past HP contrrbottons 
include work as a tastability consuitam for several IC 
chip projects and he pioneered the use of static cur- 
rent measurements for IC diagnosis. He is currently 
responsible for developing diagnostic tools, methods, 
and heuristics, and codeveloped the fault model re- 
ported in this issue An IEEE member, Rob has sensed 
on program and organizmg committees for several 
conferences and workshops. His professtonal interests 
are in the areas of design for testability, fault model- 
rng. and diagnostics- He has published over twenty 
articles m jaurnals, books, and conferences, winning 
the best'paper award at the International Test Con- 
ference in 1992 and an honorable mention for a 
paper delivered in 1991 at the same conference. He 
was bom in Vancouver. British Columbia, is marned, 
and has one child He says his hobby is preventing a 
1973 Plymouth from achieving maximum entropy. 

Peter C. Maxwell 

Peter Maxwell was born in 
Auk land, New Zealand, and 
attended the University of 

Aukland where he received 
BSc and MSc degrees in 
physics m 1966 and 1968 
respectively He earned a 
PhD in computer science at 
the Austral Ian National 
University m !372 and served on the faculty of the 
University of New South Wales, Sydney, Australia in 
the EECS department from T972 tn 1988. He came to 
HP Laboratories in 19B8, and is presently an R&D 
engineer at the Integrated Circuits Business Division 
His respansibiliiies mclude development of improved 
test strategies based on a better understanding of 
the relation between IC physical defects and quality 
levels, and teaching a class on design for testability 
to IC designers within HP He is a senior member of 
the IEEE and his work has resulted m a patent pend- 
ing for simulation of bridgmg faults. Peter has 42 
publications, mostly in the area of fault coverage and 
the quality and effectiveness of different types of 
tests, which have appeared in technical jaurnals and 
conference proceedings. He is married, has three 
children, and enjoys backpacking, peak climbing. 
Skiing, cooking, and washmg dawn the thirst from 
all these activities with a fine home brew 
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